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Abstract 
Stormwater runoff from urbanized areas can have detrimental impacts on 
groundwater and surface water supplies by mobilizing contaminants such as bacteria and 
nutrients from surrounding areas. Best Management Practices (BMPs) are commonly 
designed to mitigate these impacts, but the processes governing the effectiveness of these 
BMPs are often not well understood. Biofiltration BMPs, which include storage, 
sediment removal, and infiltration processes, are particularly challenging to quantify. 
This research involved an investigation of the processes associated with a 
biofiltration BMP located in West Boylston, MA adjacent to the Wachusett Reservoir. 
The basin treats runoff from an 8-acre watershed with two roadways (Routes 12 and 110) 
and surrounding residential and commercial land uses. Water exits the basin by either 
seepage directly to groundwater or by seepage through a two-foot filtration bed to an 
outfall pipe on one side of the basin. A field sampling program was conducted in 
collaboration with the Massachusetts Department of Conservation and Recreation to 
characterize the various flow paths of contaminants upstream, within, and downstream of 
the biofiltration facility. The program included collection of volumetric flow information, 
field parameters (dissolved oxygen, specific conductance, pH, and temperature), and 
water quality samples. Samples were tested for alkalinity, bacteria, dissolved organic 
carbon, nutrients, additional anions and cations, and suspended sediments. Stormwater 
samples were collected for storm events that included substantial rainfall and illustrated 
seasonal variability. A set of seven monitoring wells installed for this project provided 
information on groundwater flow and quality at the site. 
The field program provided quantitative data on the flows and transformations 
that occur within and in the groundwater downstream of the biofiltration basin. The 
results demonstrated that stormwater infiltration to groundwater is an important 
component to consider for BMP design. The flow path through the outfall was effective 
in removing sediments, but was found to have limited capacity for water quality 
treatment, since only small changes in stormwater quality occurred between the culvert 
inflow, basin, and outfall samples. However, analysis of the flow data showed that 
infiltration to groundwater was comparable to discharge through the outfall. Furthermore, 
the signatures of stormwater infiltration could still be seen in the wells, indicating that the 
infiltration from the stormwater basin can impact groundwater quality. The groundwater 
pathway was found to impact the chemistry of the constituents, and was particularly 
effective in removing bacteria and phosphorus. The results demonstrate the value of 
groundwater recharge as a component of BMP design, and provide a basis for a number 
of specific design recommendations related to biofiltration basins. 
 
 
! iii!
Acknowledgements 
 
First and foremost, I’d like to thank my advisor, Professor Mathisen, for all of his 
tremendous amount of time, help, and support. I enjoyed working with and learning from 
him. 
 
I’d also like to thank the following people and organizations: 
• The USGS Institute Program & UMass Amherst MA Water Resources Research 
Center (WRRC) for funding 
• Staff from the Massachusetts Department of Conservation and Recreation: 
o Patricia Austin for leading the project from DCR’s end and being a 
member of my thesis committee 
o Steve Sulprizio, Vincent Vignaly, Ron Salmonson, and Daniel Crocker for 
their advice and help with the field work 
• WPI staff and students:  
o Don Pellegrino for his extensive help with all of the laboratory analyses 
and some site visits  
o Adam Carrier for accompanying me to the site on several occasions to 
collect groundwater samples 
o Patrick Malone for his help and advice, specifically with learning 
laboratory procedures and running analyses  
o Professor Plummer for letting me use some of her laboratory equipment 
and being a member of my thesis committee 
o Russ Lang for his help with the site setup 
• Friends and family for their support and encouragement 
 
! iv!
Table of Contents 
List of Figures vii!
List of Tables x!
Abbreviations xi!
1! Introduction 1!
1.1! Background and Problem Statement 1!
1.2! Goal and Objectives 2!
1.3! Methodology 2!
1.4! Report Outline 3!
2! Background 4!
2.1! Stormwater Management 4!
2.1.1! Federal Regulations 5!
2.1.2! Best Management Practices 6!
2.2! Biofiltration BMP Design 6!
2.2.1! Sediment Forebay 9!
2.2.2! Biofiltration Basin 10!
2.2.3! Infiltration Basin 14!
2.3! Field and Laboratory Studies of Biofiltration BMPs 15!
2.3.1! Effectiveness of Contaminant Removal 16!
2.3.1.1! Metals .................................................................................... 17!
2.3.1.2! Nutrients ................................................................................ 19!
2.3.1.3! Bacteria ................................................................................. 21!
2.3.2! Relationships to Groundwater 23!
2.4! The Wachusett Reservoir 25!
2.4.1! Gate 27 Access 27!
3! Methodology 31!
3.1! Site Preparation 31!
3.2! Site Characterization 35!
3.3! Field Program 42!
3.3.1! Flow Monitoring 42!
3.3.1.1! Fieldwork .............................................................................. 43!
3.3.1.2! Stormwater Flow rate and Groundwater Elevation 
Calculations ......................................................................................... 44!
! v!
3.3.1.3! Precipitation .......................................................................... 50!
3.3.1.4! Basin Monitoring .................................................................. 54!
3.3.1.5! Basin-outflow Relationship ................................................... 60!
3.3.1.6! Water Balance ....................................................................... 63!
3.3.2! Sampling Plan 64!
3.4! Laboratory Procedures 70!
3.5! Data Analysis 72!
3.6! Modeling 75!
3.6.1! HydroCAD Model 75!
3.6.2! PHREEQC Model 78!
4! Results 79!
4.1! Water Quantity 79!
4.1.1! Stormwater Runoff 79!
4.1.1.1! October 2014 Storm .............................................................. 80!
4.1.1.2! August 2014 Storm ................................................................ 84!
4.1.1.3! All Storms .............................................................................. 88!
4.1.1.4! Implications for Design ......................................................... 89!
4.1.2! Groundwater Flow 92!
4.1.2.1! Topographic Profile .............................................................. 92!
4.1.2.2! Response to Storm Events ..................................................... 93!
4.1.2.3! Contour Estimates ................................................................. 98!
4.2! Water Quality 100!
4.2.1! Surface Water Quality 100!
4.2.1.1! October Storm ..................................................................... 103!
4.2.1.2! August storm ....................................................................... 110!
4.2.2! Groundwater Quality 117!
4.2.2.1! Specific Conductance .......................................................... 119!
4.2.2.2! Anions .................................................................................. 122!
4.2.2.3! Cations ................................................................................ 125!
4.2.2.4! Dissolved Oxygen ................................................................ 127!
4.2.2.5! Nutrients .............................................................................. 129!
4.2.2.6! Bacteria ............................................................................... 135!
4.2.2.7! Carbon ................................................................................ 135!
5! Conclusions 139!
5.1! Stormwater Infiltration 139!
5.2! Biofiltration BMP Design 141!
5.3! Recommendations for Future Research 142!
Works Cited 143!
Appendix A: Additional Water Quantity Information 151!
! vi!
Appendix B: Surface Water Samples 154!
Appendix C: Groundwater Samples 178!
! vii!
List of Figures 
 
Figure 2.1 – Wachusett Reservoir in context of the MWRA water supply system  
 (created using ESRI’s ArcMAP GIS) ....................................................................... 26 
Figure 2.2 – Gate 27 in relation to the Wachusett Reservoir and its surrounding  
 towns (created using ESRI’s ArcMap GIS) .............................................................. 28 
Figure 2.3 – Gate 27 BMP, layout (modified from Google Maps) ................................... 29 
Figure 2.4 – Infiltration trench top in the basin (Tupper, top: 3/28/14 and  
 bottom: 10/15/14)...................................................................................................... 30 
 
Figure 3.1 – 1989 Groundwater contours ......................................................................... 32 
Figure 3.2 – Cutout of figure 3.1 with two well 5 locations ............................................. 33 
Figure 3.3 – Groundwater monitoring well locations at the Gate 27 site  
 (modified from Bing Maps) ...................................................................................... 34 
Figure 3.4 – Gate 27 delineation (red) and 2’ contours (yellow) ...................................... 36 
Figure 3.5 – Land use map for the Gate 27 catchment area (created in MassGIS) .......... 37 
Figure 3.6 – Time of concentrations flow segments (edited from MassGIS online) ........ 39 
Figure 3.7 – Plan view of the Gate 27 access to the WR with profile view cut  
 (created by MA DCR) ............................................................................................... 42 
Figure 3.8 – Weir setup at the inlet (Tupper 10/16/14) .................................................... 45 
Figure 3.9 – Weir setup at the outlet (Tupper 10/16/14) .................................................. 45 
Figure 3.10 – Parameters for a less than half full pipe calculations ................................. 47 
Figure 3.11 – Comparison of cumulative volume and flowrates at  
 the inlet by location ................................................................................................... 49 
Figure 3.12 – USGS gage locations relative to the Gate 27 site  
 (modified from Google Maps) .................................................................................. 52 
Figure 3.13 – Surface area of direct precipitation that enters the BMP  
 (modified from Bing Maps) ...................................................................................... 54 
Figure 3.14 – First staff gage location (Tupper 10/15/14, 11:30 AM) ............................. 55 
Figure 3.15 – Estimated contours (feet) for the Gate 27 biofiltration basin  
 (created using ESRI’s ArcMap GIS) ........................................................................ 57 
Figure 3.16 – Parameters for surface area calculations (plan view) ................................. 58 
Figure 3.17 – Second staff gage location (Tupper 10/15/14, 2 PM) ................................. 59 
Figure 3.18 – Staff gage location in the Wachusett Reservoir (Tupper 10/15/14) ........... 60 
Figure 3.19 – Basin water elevation and outflow rate for the October storm ................... 61 
Figure 3.20 – Function developed based on October storm data ...................................... 62 
Figure 3.21 – Sampling locations ..................................................................................... 65 
Figure 3.22 – Surface water sample locations: (a) inflow, (b) outflow,  
 (c) basin, and (d) Wachusett Reservoir (Mathisen and Tupper 2014) ...................... 65 
Figure 3.23 – Groundwater well sample locations (Tupper 2014) ................................... 66 
Figure 3.24 – Example of concentration approximations (inflow nitrate) for  
 a storm event ............................................................................................................. 73 
Figure 3.25 – Example of a mass flow curve (inflow nitrate) for a storm event .............. 74 
Figure 3.26 – Gate 27 HydroCAD model ......................................................................... 76 
 
! viii!
Figure 4.1 – October storm precipitation .......................................................................... 81 
Figure 4.2 – October storm hydrographs .......................................................................... 81 
Figure 4.3 – October storm cumulative stormwater volumes ........................................... 83 
Figure 4.4 – October storm infiltration rates .................................................................... 83 
Figure 4.5 – August storm precipitation ........................................................................... 85 
Figure 4.6 – August storm hydrographs ........................................................................... 85 
Figure 4.7 – August storm cumulative stormwater volumes ............................................ 86 
Figure 4.8 – August storm infiltration rates ...................................................................... 87 
Figure 4.9 – Profile view of the Gate 27 access to the Wachusett Reservoir ................... 93 
Figure 4.10 – Well 1 groundwater elevations and local rainfall data ............................... 94 
Figure 4.11 – Wells 2A and 2B groundwater elevations and local rainfall data .............. 96 
Figure 4.12 – Wells 3A and 3B groundwater elevations and local rainfall data .............. 97 
Figure 4.13 – Wells 4A and 4B groundwater elevations and local rainfall data .............. 98 
Figure 4.14 – Groundwater table elevation contours at the Gate 27 site ........................ 100 
Figure 4.15 – October storm hydrograph and stormwater specific conductance values 103 
Figure 4.16 – October storm stormwater sodium concentrations, pH values, and  
 TSS concentrations ................................................................................................. 105 
Figure 4.17 – Ammonia, nitrate, and total phosphorus concentrations of  
 stormwater samples from the October storm .......................................................... 106 
Figure 4.18 – E. coli, DOC, and total inorganic carbon concentrations of  
 stormwater samples from the October storm .......................................................... 107 
Figure 4.19 – October storm nutrient loadings ............................................................... 109 
Figure 4.20 – October storm select anion and cation loadings ....................................... 109 
Figure 4.21 – August storm hydrographs, specific conductance values of  
 stormwater, and TSS concentrations of stormwater samples ................................. 111 
Figure 4.22 – August storm stormwater pH values, sodium concentrations, and  
 chloride concentrations ........................................................................................... 112 
Figure 4.23 – Ammonia, nitrate, and total phosphorus concentrations of  
 stormwater samples from the August storm ........................................................... 113 
Figure 4.24 – E. coli, DOC, and total inorganic carbon concentrations of  
 stormwater samples from the August storm ........................................................... 114 
Figure 4.25 – August storm nutrient loadings ................................................................ 116 
Figure 4.26 – August storm select anion and cation loadings ........................................ 116 
Figure 4.27 – Local rainfall data and specific conductance values of samples  
 from wells 2S and 2D ............................................................................................. 120 
Figure 4.28 – Local rainfall data and specific conductance values of samples  
 from wells 1, 3D, and 3S ........................................................................................ 120 
Figure 4.29 – Local rainfall data and specific conductance values of samples  
 from wells 4S, 4D, and the Wachusett Reservoir ................................................... 121 
Figure 4.30 – Local rainfall data and chloride concentrations of samples from  
 wells 2S and 2D ...................................................................................................... 123 
Figure 4.31 – Local rainfall data and chloride concentrations of samples from  
 wells 1, 3D, and 3S ................................................................................................. 123 
Figure 4.32 – Local rainfall data and sulfate concentrations of samples from  
 wells 2S and 2D ...................................................................................................... 124 
Figure 4.33 – Local rainfall data and calcium concentrations of samples  
! ix!
Figure 4.33 – Local rainfall data and calcium concentrations of samples  
 from wells 2S and 2D ............................................................................................. 126 
Figure 4.34 – Local rainfall data and calcium concentrations of samples  
 from wells 1, 3D, and 3S ........................................................................................ 126 
Figure 4.35 – Local rainfall data and calcium concentrations of samples  
 from wells 4S and 4D ............................................................................................. 127 
Figure 4.36 – Local rainfall data and dissolved oxygen concentrations of  
 samples from wells 2S and 2D ................................................................................ 128 
Figure 4.37 – Local rainfall data and dissolved oxygen concentrations of  
 samples from wells 3D, 3S, and 1 ........................................................................... 128 
Figure 4.38 – Local rainfall data and dissolved oxygen concentrations of  
 samples from wells 4S, 4D, and the Wachusett Reservoir ..................................... 129 
Figure 4.39 – Local rainfall data and ammonia concentrations of samples  
 from wells 2S and 2D ............................................................................................. 130 
Figure 4.40 – Local rainfall data and ammonia concentrations of samples  
 from wells 3D, 3S, and 1 ........................................................................................ 130 
Figure 4.41 – Local rainfall data and nitrate concentrations of samples  
 from wells 2S and 2D ............................................................................................. 132 
Figure 4.42 – Local rainfall data and nitrate concentrations of samples  
 from wells 1, 3D, and 3S ........................................................................................ 132 
Figure 4.43 – Local rainfall data and nitrate concentrations of samples  
 from wells 4S and 4D ............................................................................................. 133 
Figure 4.44 – Local rainfall data and total phosphorus concentrations of samples  
 from wells 2S and 2D ............................................................................................. 134 
Figure 4.45 – Local rainfall data and total phosphorus concentrations of samples  
 from wells 1, 3D, and 3S ........................................................................................ 134 
Figure 4.46 – Local rainfall data and DOC concentrations of samples from  
 wells 2S and 2D ...................................................................................................... 136 
Figure 4.47 – Local rainfall data and DOC concentrations of samples from  
 wells 1, 3D, and 3S ................................................................................................. 136 
Figure 4.48 – Local rainfall data and inorganic carbon concentrations of  
 samples from wells 2S and 2D ................................................................................ 138 
Figure 4.49 – Local rainfall data and inorganic carbon concentrations of  
 samples from wells 1, 3D, and 3S ........................................................................... 138 
 
Figure A.1 – Inflow hydrograph for the May storm ....................................................... 152 
Figure A.2 – Inflow hydrograph for the July storm ........................................................ 153 
Figure A.3 – Rainfall and basin volume for the October 22nd storm .............................. 153 
 
! x!
List of Tables 
 
Table 3.1 – Monitoring well installation information ....................................................... 35 
Table 3.2 – Areas and curve number for each land use .................................................... 38 
Table 3.3 – Flow data collected for each storm event ...................................................... 43 
Table 3.4 – Weir characteristics ........................................................................................ 46 
Table 3.5 – Monitored storm events ................................................................................. 51 
Table 3.6 – Precipitation data for the monitored storm events ......................................... 52 
Table 3.7 – Precipitation data for the studied storm events from multiple sources .......... 53 
Table 3.8 – Basin staff gage and depth probe measurements ........................................... 56 
Table 3.9 – Information on sampling locations ................................................................ 64 
Table 3.10 – Sample bottles for each water quality test ................................................... 66 
Table 3.11 – Stormwater samples and readings collected for each storm event .............. 68 
Table 3.12 – Basin and Reservoir samples collected (in 2014) ........................................ 69 
Table 3.13 – Groundwater samples breakdown ................................................................ 70 
Table 3.14 – Groundwater samples collected by date (in 2014) and well ........................ 70 
Table 3.15 – Overview of laboratory testing .................................................................... 71 
Table 3.16 – Infiltration rate versus outflow and infiltration volume estimations ........... 77 
 
Table 4.1 – August and October storms key information ................................................. 88 
Table 4.2 – Key information for the six monitored storm events ..................................... 89 
Table 4.3 – Ranges of water quality parameters for the October and August storms .... 102 
Table 4.4 – Ranges of water quality parameters for all groundwater samples and  
 some surface water samples .................................................................................... 118 
 
Table A.1 – Basin staff gage readings ............................................................................ 151 
 
 
! xi!
Abbreviations 
 
BDL  Below Detection Limit 
BMP   Best Management Practices 
CWA   Clean Water Act 
DCR  Department of Conservation and Recreation 
DOC  Dissolved Organic Carbon 
EPA  Environmental Protection Agency 
FAWB  Facility for Advancing Water Biofiltration 
NPS  Nonpoint Source Pollution 
NPDES  National Pollution Discharge Elimination System 
MA  Massachusetts 
MassDEP  Massachusetts Department of Environmental Protection 
MS4  Municipal Separate Storm Sewer Systems 
MWRA  Massachusetts Water Resources Authority 
TMDL  Total Maximum Daily Loads 
TSS  Total Suspended Solids 
U.S.   United States 
USGS   United States Geological Survey 
WPI  Worcester Polytechnic Institute 
WR  Wachusett Reservoir 
WQS   Water Quality Standards 
!J. Tupper  Chapter 1 (Introduction)  1 
1 Introduction 
  
1.1 Background and Problem Statement 
Urban stormwater runoff significantly impairs the water quality of lakes, rivers, 
streams, reservoirs, and other bodies of water in the United States (U.S. EPA 2012c). 
Urbanization fundamentally alters local hydrologic cycles through the addition of 
impervious surfaces such as parking lots (U.S. EPA 2013a). This results in larger 
volumes of stormwater running off in shorter periods (U.S. EPA 2014a). Impervious 
surfaces also prevent groundwater recharge that ultimately contributes to base flow in 
rivers and streams (SEMCOG 2008). When stormwater flows over impervious surfaces, 
particularly roadways, it carries pollutants to water bodies that serve as drinking water 
sources or aquatic habitats (U.S. EPA 2012c). Increases in the frequency and intensity of 
precipitation events, an anticipated effect of climate change, may further exacerbate this 
problem (IPCC 2007). Stormwater discharges are therefore a critical concern for water 
supply managers across the United States. 
Stormwater best management practices (BMPs) are control measures used to 
lessen the impacts of stormwater runoff from developed areas (U.S. EPA 2012b). 
Structural controls, such as grassed swales, riparian buffers, and green roofs, aim to both 
reduce runoff volumes and remove contaminants. To do so, designs employ 
evapotranspiration, detention, and infiltration, among other processes (U.S. EPA 2012b). 
The transformations that govern the removal of contaminants from stormwater through 
infiltration are not well understood, and minimal field investigations provide insight into 
this process. As a result, the success of certain BMPs in protecting groundwater and 
surface water supplies is difficult to quantify. 
Biofiltration BMPs include a sediment forebay for pretreatment followed by a 
biofiltration basin. The basin contains a mix of plants and grasses. Stormwater exits the 
basin through infiltration to groundwater or through a stone-filled, trench drain. 
Biofiltration BMPs remove contaminants from stormwater through physical, chemical, 
and biological means. 
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1.2 Goal and Objectives 
The overall goal of this research is to determine the contributions of infiltration 
and subsurface transport in mitigating the impacts of stormwater discharges on 
groundwater and surface water supplies. The specific objectives are as follows: 
• Quantify the processes that govern the geochemical transport and transformations 
of the stormwater at the Gate 27 site and the distance over which these 
transformations would be expected to occur 
• Determine the effectiveness of the Gate 27 biofiltration facility in reducing 
contaminant discharges to the Reservoir, and propose design alterations to 
increase the effectiveness if necessary 
• Recommend improved design procedures for structural stormwater BMPs 
 
The Massachusetts Department of Conservation and Recreation (MA DCR) has 
constructed a number of structural stormwater BMPs adjoining the Wachusett Reservoir, 
a main component of the water supply system serving the Boston metropolitan area. To 
achieve the project objectives, this project evaluated the effectiveness of a BMP located 
at the Gate 27 access to the Reservoir that consists of a sediment forebay and an unlined 
biofiltration basin. The BMP treats runoff from an 8.2-acre catchment area with a mix of 
commercial and residential land. Water exits the basin by seepage through a two-foot 
filtration bed to an outfall pipe on one side of the basin or by seepage through the basin to 
the groundwater table. This setup allows for the assessment and comparison of these 
design elements in reducing stormwater pollution to adjacent water supplies. 
 
1.3 Methodology 
The Gate 27 site in West Boylston, MA was monitored for a combination of 
volumetric flow and water quality data. This information was collected over the course of 
an 8-month period: March to November 2014. Stormwater samples were collected for 6 
storms with at least 0.6 inches of rainfall in a 24-hour timeframe. During rain events, 
stormwater discharges entering and exiting the basin were measured for quantity and 
some real-time water quality parameters: dissolved oxygen, pH, specific conductance, 
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and temperature. Seven groundwater-monitoring wells were installed in late May 2014, 
and sampled during both dry and wet weather conditions starting July 2014. One well 
upstream of the basin provides data on background water quality, while three well nests 
south of the basin provide data on downstream water quality. Water levels in these wells 
were also routinely measured. Water samples were tested for alkalinity, bacteria, 
dissolved organic carbon, nutrients, additional anions and cations, and suspended 
sediments at the WPI environmental laboratory. These results were analyzed using the 
PHREEQC software package to simulate geochemical transport and transformations of 
the stormwater. A HydroCAD model was also developed to simulate stormwater flow 
information for the site. The results were used to assess the implications of stormwater 
recharge with respect to the requirements for water supply protection.  
 
1.4 Report Outline 
Chapter 2 first provides background on stormwater management by describing 
regulations and the controls used to address the negative consequences of stormwater 
runoff. It then details the site under investigation: the Gate 27 access at the Wachusett 
Reservoir in West Boylston, Massachusetts. The Chapter concludes with a literature 
review, summarizing recent research relating to stormwater Best Management Practices 
(BMPs) design and their removal efficiencies. Chapter 3 explains the field monitoring 
and sampling program carried out and the laboratory procedures performed to produce 
the results presented in Chapter 4. Chapter 4 also contains data analysis and modeling of 
the collected flow and water quality information. Conclusions and recommendations with 
regards to the problem statement, overall goal, and objectives given in this chapter make 
up Chapter 5.    
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2 Background 
The goal of this project was to assess the effectiveness of biofiltration BMPs in 
mitigating stormwater discharges on water supplies. In this chapter, the importance of 
stormwater management, the legal framework, and current approaches are first explained. 
Then the study area, the Gate 27 access to the Wachusett Reservoir, is described. To 
understand the scientific contribution of this project to the water resources field, the 
chapter ends with a literature review. 
 
2.1 Stormwater Management 
Stormwater is water generated by precipitation events that flows over the surface 
of the Earth. When absorbed into the subsurface, stormwater percolates through the soil 
into the water table and ultimately enters into surface water bodies. In suburban and 
urban areas, impervious surfaces such as pavement and buildings prevent the movement 
of stormwater into the ground. Instead, in these developed areas, stormwater travels 
aboveground into surface water bodies. Among multiple other negative impacts, in its 
travel to surface water bodies such as streams and lakes, stormwater collects pollutants 
that can contaminate these surface water bodies (U.S. EPA 2012e; U.S. EPA 2012a). This 
stormwater therefore constitutes nonpoint source (NPS) pollution. Defined as any source 
of water pollution not classified as point source, NPS pollution results from a multitude 
of widespread sources (U.S. EPA 2012j). Nonpoint source pollution represents the largest 
source of water quality impairment in the United States (U.S. EPA 2012f). The U.S. EPA 
identified nutrients and sediments as the most common nonpoint source pollutants, 
originating from agricultural land, farms, or construction sites. Other common NPS 
pollutants are: grease, heavy metals, oil, pathogens, pesticides, salts, and toxic chemicals 
(U.S. EPA 2012f). The EPA regulates stormwater and nonpoint source pollution 
predominantly through the Clean Water Act. Furthermore, according to the U.S. EPA, 
best management practices (BMPs) are the primary method for addressing pollution from 
stormwater runoff (U.S. EPA 2012e). The entire basis of stormwater management is to 
protect public health.   
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2.1.1 Federal Regulations 
At the federal level, the United States Environmental Protection Agency regulates 
stormwater in accordance with the Clean Water Act, passed in 1972. This act requires the 
EPA to develop and implement the National Pollutant Discharge Elimination System 
(NPDES) permit program, which regulates point source discharges of pollutants to water 
in the United States (U.S. EPA 2012d). The stormwater component of the NPDES 
program designates stormwater originating from construction activities, industrial 
activities, and municipal separate storm sewer systems (MS4s) as point source 
discharges. Operators of these three sources must therefore obtain a NPDES permit for 
these stormwater discharges. The EPA authorizes nearly all fifty states to put their own 
stormwater permitting programs into effect (U.S. EPA 2013c). 
Water quality standards (WQS), referred to by the EPA as “the foundation of the 
water quality-based control program mandated by the Clean Water Act,” designate uses 
for individual water bodies and set water quality criteria and policies corresponding with 
the desired uses (U.S. EPA 2013e). State agencies create WQS (U.S. EPA 2013d).   
The CWA specifically addresses nonpoint source pollution in section 319 (U.S. 
EPA 2013b). Under this legislation, states need to submit a management program for 
waters that cannot meet water quality standards without controlling NPS pollution. States 
can apply for a grant to help with implementation costs of these programs (U.S. EPA 
2012h). 
Section 303 of the CWA dictates that states develop total maximum daily loads 
(TMDLs) for impaired waters. TMDLs specify the maximum amount of a particular 
pollutant that can enter a water body while still satisfying its water quality standards. 
They also allocate this pollutant loading amongst both point and nonpoint sources of the 
pollutant. TMDLs are implemented through other parts of the CWA. The NPDES permit 
program regulates point sources from TMDLs whereas state NPS pollution management 
programs primarily regulates NPS of the pollutant (U.S. EPA 2013f). 
This section provided an overview of the federal regulations related to stormwater 
and its impact on receiving water bodies. Stormwater BMPs, discussed in the following 
section, act as key tools to help meet these regulations.   
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2.1.2 Best Management Practices 
The term Best Managements Practices (BMPs) refers to a form of water pollution 
control. The U.S. EPA defines stormwater BMPs as “techniques, measures or structural 
controls used to manage the quantity and improve the quality of stormwater runoff.” 
Since reversing the negative impacts of stormwater runoff on receiving waters can be 
both difficult and expensive, water supply managers employ BMPs to prevent this 
damage (U.S. EPA 2013a).  
Stormwater BMPs are divided into two types: structural and non-structural. 
Structural BMPs treat stormwater runoff at some point along its flow path to a water 
body, whereas non-structural BMPs limit the amount pollutants available in the 
environment for stormwater to carry into a water body. Non-structural BMPs can reduce 
the need for more costly and advanced structural BMPs to meet treatment goals (SC 
DHEC 2013). Some examples of structural BMPs are: constructed wetlands, sand and 
organic filters, and wet basins (MassDEP 2014c). Some examples of non-structural 
BMPs are: land use planning, minimizing impervious cover, and street sweeping (PA 
DEP 2006).  
 
2.2 Biofiltration BMP Design 
Since the beginning of the twenty-first century, biofiltration basins have been 
commonly implemented for the management of urban stormwater runoff (Le Coustumer 
et al., 2009). Other nomenclature for biofiltration basins include: biofilters, bioretention 
basins, and rain gardens. This report studies a biofiltration facility located in 
Massachusetts that consists of a sediment forebay and a biofiltration basin. 
Stormwater runoff is the leading cause of water quality impairments in MA water 
bodies. The 1996 Stormwater Policy, issued by the Massachusetts Department of 
Environmental Protection (MassDEP), established ten Stormwater Management 
Standards to encourage recharge and protect groundwaters and surface waters throughout 
the Commonwealth from stormwater discharges. In addition, the MassDEP published the 
MA Stormwater Handbook as guidance for this policy. Some relevant Stormwater 
Management Standards (a) prohibit new outfalls that discharge stormwater; (b) require 
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post-development peak discharge rates that do not exceed pre-development peak 
discharge rates; and (c) implement infiltration measures that eliminate or minimize loss 
of annual groundwater recharge (MassDEP 2014a). The Handbook also includes a 
section on the legal framework for stormwater management.  
The MassDEP divides stormwater BMPs into different classes based on their 
main function (MassDEP 2014b). A sediment forebay is considered a structural 
pretreatment BMP, and the biofiltration basin in this study fits into both the filtration and 
infiltration BMP classes. The next few paragraphs describe the two components of the 
biofiltration facility in this study from information provided in the MA Stormwater 
Handbook. 
Sediment forebays consist of an excavated pit and berm with a weir. They are 
designed to slow down stormwater runoff and act as a sedimentation basin for suspended 
solids carried by the stormwater (removal efficiency listed as 25%). Figure 2.5 shows the 
sediment forebay of the biofiltration facility in this study. With proper maintenance, 
sediment forebays have high longevities, and they are less expensive than most other 
BMPs. On the other hand, sediment forebays need frequent maintenance, and can only 
remove coarse sediment. The MA Stormwater Handbook recommends the removal of 
accumulated sediments in the sediment forebay four times per year and monthly 
inspections at minimum. MassDEP requires the use of sediment forebays as pretreatment 
to infiltration basins (MassDEP 2014c). 
 
!J. Tupper  Chapter 2 (Background)  8 
!
Figure 2.5 – Gate 27 BMP, sediment forebay (Tupper 10/15/14) !
 Biofiltration basins – called bioretention areas and rain gardens, and categorized 
as a treatment BMP in the MA Stormwater Handbook – are hollowed out depressions in 
the ground filled with sandy soil and then a mulch layer. The basins also include 
vegetation and a lined or unlined bottom. Lined basins stop water from entering into the 
water table, instead discharging the effluent through a pipe. Unlined basins allow for the 
stormwater that passes through the basin to infiltrate into the groundwater table. This 
helps in watersheds with significant amounts of impervious cover. The soil media acts as 
a filter to treat the influent stormwater; plants and microbes in the basin also treat the 
influent stormwater (MassDEP 2014c). More specifically, stormwater biofiltration basins 
treat stormwater by three means: (1) physical by filtration of the water through the soil 
media, (2) chemical by sorption onto the soil media, and (3) biological by plants and 
microbe uptake of nutrients from the stormwater (FAWB 2009). Biofiltration basins 
require pretreatment as well as careful landscaping and maintenance. However, 
biofiltration basins can treat a sizeable range of different stormwater contaminants such 
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as bacteria, metals, nutrients, and total suspended solids. When contaminants accumulate 
in the filter media, the cation exchange capacity of the soil decreases. Over time the soil 
media in the basin cannot efficiently filter contaminants and consequently the basin needs 
new soil media (MassDEP 2014c). Figure 2.6 shows the biofiltration basin studied in this 
report. 
 
!
Figure 2.6 – Gate 27 BMP, biofiltration basin (Tupper 9/24/14) !
2.2.1 Sediment Forebay 
A sediment forebay is classified as a pretreatment structural BMP in the MA 
Stormwater Handbook. An inlet control, such as a riprap apron, reduces the velocity of 
the incoming stormwater to prevent scouring. According to MassDEP, the forebay should 
hold a minimum volume of 0.1 inches of rainfall per acre of impervious surface in the 
drainage area to the BMP, and the side slopes should be no steeper than 3:1 
(horizontal:vertical). The bottom of the forebay can be stabilized with either grass or 
concrete/stone. The plantings must be a grass seed mix recommended by the NRCS that 
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can withstand shearing forces from the stormwater runoff and tolerate periodic flooding 
and drought. The method for sediment removal plays a role in the choice of forebay 
bottom material (please see the Handbook for more details). The Handbook says to 
include sediment depth markers in the forebay to help determine when the sediment 
accumulates between 3 and 6 inches, the threshold for removal. MassDEP requires 
sediment forebays to dewater between storms unless they are part of a wet basin. 
Therefore, forebays required to dewater must consist of a pervious (grass) bottom. The 
bottom also needs to lie at least 2 feet above the seasonal high water table. The forebay 
should dewater within 72 hours of a storm that produces 0.5 to 1 inches of stormwater 
runoff in 24 hours. Stormwater exits the forebay over/through a check dam, with or 
without a weir. If a weir is included, it must consist to 1-2 inches of washed gravel, have 
a length (feet) 6 times the drainage area (acres) to the BMP, and hold its shape. The 
check dam must handle peak velocities from the 2-year design storm without eroding 
(MassDEP 2014c).  
 
2.2.2 Biofiltration Basin 
Biofiltration basins can be divided into four key design features: inflow controls, 
vegetation, filter media, and outflow controls. The design specifications, often dictated at 
the state-level, reflect the goals and objectives of the BMP. Stormwater treatment and 
volume reduction are the two main functions of biofiltration basins. This section will 
elaborate on the aforementioned four design parameters of biofiltration basins with 
guidelines from the MA Stormwater Handbook. It also includes adoption guidelines from 
the Facility for Advancing Water Biofiltration (FAWB), an unincorporated joint venture 
between the Institute for Sustainable Water Resources (ISWR), Monash University, and 
EDAW Australia funded by the state of Victoria, Australia (FAWB 2008). The facility 
houses leading experts in the field, whose research is discussed in the literature review 
section. 
 Inflow controls refer to the inlet zone, pretreatment, and basin sizing. The 
MassDEP requires pretreatment for biofiltration basins, and that stormwater enter the 
basin via pipe flow, sheet flow, or a surface inlet (MassDEP 2014c). FAWB stressed the 
importance of evenly distributing the inflow to minimize velocity and consequently 
!J. Tupper  Chapter 2 (Background)  11 
prevent scouring and erosion (FAWB 2009). MassDEP recommends sizing the area for 5 
to 7% of its drainage area. The basin must capture and treat the required recharge or 
water quality volume according to Stormwater Standards 3 and 4, respectively, or the 
largest of the two in order to meet both standards (MassDEP 2014c). FAWB recommends 
the basin surface area to equal 2% of impervious area of the drainage basin (FAWB 
2008). 
 Vegetation in biofilters removes nutrients, maintains hydraulic conductivity, and 
reduces outflow volumes through evapotranspiration (FAWB 2009). According to 
MassDEP, plantings should incorporate a mix of herbaceous perennials, shrubs, and 
possibly understory trees. MassDEP prohibits the use of exotic and invasive species. It 
also recommends planting “one tree or shrub per 50 square feet of bioretention area, and 
at least 3 species each of herbaceous perennials and shrubs” to avoid monocultures 
(MassDEP 2014c). When choosing plant species, FAWB highlighted that fact that certain 
species perform more effectively and better adapt to biofilter conditions. Potential plant 
species must tolerate variable wetting and drying periods. Species selection should also 
consider biodiversity and habitat creation. FAWB advises plants with extensive root 
structures that penetrate the entire biofiltration basin depth and evenly spaced vegetation 
over the biofilter surface to improve system performance (FAWB 2009). Both references 
provide a list of suitable plant species. 
The three main aspects of filter media design are composition, depth, and 
hydraulic conductivity. MassDEP calls for a soil mix of 20-30% topsoil, 30-40% 
compost, and 40% sand for the bioretention filter media, covered with 2 to 3 inches of 
fine-shredded hardwood mulch. The topsoil component must be a sandy loam, loamy 
sand, or loam texture (MassDEP 2014c). Likewise, FAWB advocated the use of loamy 
sand for the filter media (FAWB 2008). Additional guidelines from MassDEP include: a 
clay content less than 5%, an organic content between 1.5-3%, a pH between 5.5-6.5 for 
microbial activity and adsorption of pollutants, and a maximum of 500-ppm soluble salts 
(MassDEP 2014c). FAWB listed the following instructions: a clay and silt content of less 
than 3%, an organic content less than 5% w/w, and a total phosphorous content less than 
100 mg/kg (FAWB 2008). With regards to filter media depth, MassDEP specifies 2 to 4 
feet with minimums of 30 inches if designed for nitrogen removal and 3 feet if shrubs and 
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trees are planted. MassDEP claimed that “most of the pollutant removal occurs within the 
first 2 feet of soil and that excavations deeper than 4 feet become expensive,” (MassDEP 
2014c).  FAWB said that typical filter depth ranges from 400-600 mm (1.3-2 feet), 
excluding the transition layers and the drainage layer (FAWB 2009). FAWB underlined 
the testing of filter media hydraulic conductivity prior to installation, which rapidly 
decreases after use from compaction (FAWB source). Hydraulic conductivities of 
biofilters typically range from 100-400 mm/hr (4-16 in/hr) (FAWB 2009).  
 Stormwater can exit a biofiltration system by infiltration into surrounding soil or 
by direct discharge through a perforated pipe. Outflow controls consist of a drainage 
layer, liner, and drainage pipes. In a biofiltration basin, the drainage layer underlies the 
filter media, and it collects the stormwater for outflow – by exfiltration, drainage pipe, or 
both. FAWB specifies clean, fine gravel for this layer. The shape of the bottom of the 
drainage layer can be sloped to promote conveyance of stormwater to the drainage pipe, 
or flat to promote exfiltration. The drainage layer depth depends on the pipe diameter, 
length, and slope, or the water quality and volume reduction goals with regards to an 
exfiltration system (FAWB 2009). MassDEP requires that all exfiltrating biofiltration 
systems drain within 72 hours. The MA Stormwater Handbook states that most 
bioretention basin designs contain an overflow drain that transports ponded water 
reaching a certain height in the basin to an underdrain. MassDEP suggests grading a 
biofiltration basin to allow for a 6 to 8 inch ponding depth, but this number can change 
based on site conditions. Lastly, for biofiltration basin designed for exfiltration, there 
must be 2 feet of vertical separation between the bottom of the basin and the seasonal 
high groundwater table.  
In biofiltration systems not designed for exfiltration of treated stormwater, the 
underdrain connects to a discharge pipe (MassDEP 2014c). FAWB advises slotted PVC 
pipes with small enough slots to stop materials in the drainage layer from entering and a 
pipe diameter large enough to convey the treated water. Also, the upstream end of the 
pipe should start at the surface and extend vertically into the basin. This allows for 
inspection and maintenance. Again, capping the top and not perforating the vertical 
portion of the pipe blocks filter material from entering (FAWB 2009). The biofiltration 
system may include a liner around the drainage layer. A liner prevents stormwater 
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infiltration into surrounding soil, and can be made out of compacted clay or a HDPE 
membrane. If an impermeable liner is not necessary, geotextile can separate the 
biofiltration system from the surrounding soil (FAWB 2009). FAWB recommends 
incorporating a submerged zone – approximately 450 mm deep – with a carbon source 
into biofiltration designs to improve nitrogen removal and help plants survival during dry 
periods. A permanent submerged zone entails that the basin be lined (FAWB 2008). 
The standard approach for designing stormwater BMPs is to follow state 
regulations and guidelines. Engineers in Massachusetts refer to the MA Stormwater 
Handbook. For each structural BMP, the handbook describes the ability of the BMP to 
meet the applicable MA Stormwater Management Standards. With regards to biofiltration 
basins and stormwater quantity, it states that Standard 2 – requiring post-development 
peak discharge rates to not exceed pre-development peak discharge rates – is not 
applicable, but that biofiltration basins align with Standard 3 by providing groundwater 
recharge. The Handbook does not mention flow attenuation with biofiltration basins; 
however, pretreatment systems or other controls usually precede them. Instead, the 
Handbook views a biofiltration basin as a treatment unit (it is listed in the treatment BMP 
section), and lists the following pollutant removal efficiencies: 
• Metals (copper, lead, zinc, cadmium) = 40% to 90% 
• Pathogens (coliforms, E. coli) = Insufficient data 
• Total Nitrogen = 30% to 50% if soil media at least 30 inches 
• Total Phosphorus = 30% to 90% 
• Total Suspended Solids (TSS) = 90% with vegetated filter strip or 
equivalent 
As shown, the removal efficiencies of metals and nutrients vary widely, and the treatment 
for pathogens is not quantified. Total suspended solids removal is attained through 
adequate pretreatment upstream of the basin. Stormwater runoff with high concentrations 
of oil and grease must undergo pretreatment before entering biofiltration basins that 
exfiltrate stormwater runoff to groundwater (MassDEP 2014c). The MA Stormwater 
Handbook does not consider stormwater infiltration from these basins or groundwater 
transport downstream of the basin as a treatment method for stormwater runoff. 
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2.2.3 Infiltration Basin 
 While the BMP studied in this report is considered a biofiltration basin, it shares 
many similarities and design elements with an infiltration basin BMP. Infiltration basins 
store stormwater runoff and exfiltrate it through the basin floor. There are two variations 
in infiltration basin design: the basin either exfiltrates all of the stormwater runoff from 
the design storm, or a portion of the runoff is diverted to another BMP. Infiltration basins 
have “high failure rates due to improper siting, inadequate pretreatment, poor design, and 
lack of maintenance,” (MassDEP 2014c). 
 A site must meet several criteria before consideration for an infiltration basin. 
These include: 
• A drainage area of less than 15 acres with slopes less than 15% 
• Soils with a minimum infiltration rate of 0.17 inches per hour (soil 
samples required), less than 30% clay content, and less than 40% silt clay 
content 
• A minimum of two feet from the seasonal high water table 
• A minimum of 50 feet from slopes greater than 15% 
Please see the Handbook for more information on setbacks. A site must not be in Zone A 
for a public drinking water supply; the study site for this project does not meet this 
criterion. A pollution prevention and source control plan must be developed to reduce the 
concentration of contaminants in stormwater discharges; this means managing for 
contaminants such as deicing chemicals, fertilizers, and herbicides. Next, engineers 
should “select pretreatment BMPs that remove coarse sediments, oil and grease, and 
floatable organic and inorganic materials, and soluble pollutants.” Total suspended solids 
in particular are subject to specific removal percentages (MassDEP 2014c).  
 When designing the infiltration basin, the inlet should prevent stormwater from 
scouring and eroding the basin. MassDEP claims that “distributing runoff more evenly 
over the basin surface [promotes] better infiltration.” However, the inlet structure(s) 
should be placed at one end of the longitudinal end of the infiltration basin “to maximize 
the flow path from the inlet to the overflow outlet.” The side slopes of the basin must not 
exceed 3:1 (horizontal:vertical), and the basin floor must be flat with a longitudinal slope 
less than 1% and lateral slope of 0% to allow for uniform ponding and exfiltration of the 
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stormwater runoff. The Handbook says to size the basin bottom to exfiltrate stormwater 
within 72 hours following a precipitation event. When constructing the basin floor, 
compost – without biosolids and active seed stock – should be mixed with excavated 
soils, and then “scarified” to a depth of 12 inches. The design can then use a dense turf of 
low-maintenace, rapidly germinating, water-tolerant grasses on the basin floor and sides 
or 6 to 12 inches of fill material, such as coarse sand, for the basin liner. Dense turf 
“impedes soil erosion and scouring” as well as uptakes soluble nutrients from the 
stormwater for growth. Infiltration basins must have an overflow outlet and an 
emergency spillway. MassDEP also requires a drawdown device for maintenance 
purposes (MassDEP 2014c). 
 In order to ensure proper function, infiltration basins require frequent inspections 
and maintenance. MassDEP lists the following pollutant removal efficiencies for 
successful infiltration basins: 
• Metals (copper, lead, zinc, cadmium) = 85% to 90% 
• Pathogens (coliforms, E. coli) = 90% 
• Total Nitrogen = 50% to 60% 
• Total Phosphorus = 60% to 70% 
• Total Suspended Solids (TSS) = 80% with pretreatment 
These numbers are comparable to biofiltration basins. In addition, MassDEP states that 
infiltration basins, unlike biofiltration basins, can be designed to attenuate peak flows 
through outlet controls. 
 
2.3 Field and Laboratory Studies of Biofiltration BMPs 
 This section presents research on biofiltration basins, although most authors do 
not refer to it by that exact name. Some other names include: biofilter, bioretention, and 
infiltration biofilter systems. Almost all cited journal articles were published after the 
year 2000, indicating the “recent” development and implementation of stormwater BMPs. 
The section starts off looking at the performance of biofiltration basins in terms of 
percent removal of common stormwater constituents, particularly heavy metals and 
nutrients. It also addresses the impacts of different design parameters on these removal 
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efficiencies. Next, it examines biofiltration basin interactions with the underlying 
groundwater table.  
 
2.3.1 Effectiveness of Contaminant Removal 
A number of laboratory studies have established the effectiveness of biofiltration 
systems in the removal of stormwater pollutants. For example, Hatt et al. (2009) and 
Davis et al. (2001) demonstrated consistently high reductions (>90%) in heavy metals – 
including copper, lead, and zinc – and suspended solids. Nutrient removal proved more 
variable, with possible nitrogen and phosphorous reductions hovering around 70 and 
80%, respectively (Davis et al. 2001; Hatt et al. 2009). Field-scale performances of 
biofiltration systems are not well documented, but available studies generally validate 
laboratory results (Hatt et al. 2008; Hunt et al. 2006).  
Several design parameters such as the hydraulic conductivity of the biofilter or the 
use of vegetation impact the removal of pollutants from infiltrating stormwater. For 
example, Read et al. (2008) found that adding plants to biofiltration systems improved 
pollutant removal, particularly nutrients, but the extent of removal depended on the plant 
species. 
Le Coustumer et al. (2009) used field and laboratory measurements of hydraulic 
conductivity to assess biofilter performance based on this design parameter. The studied 
field biofilters had hydraulic conductivities between 5-594 mm/h, with a median of 84 
mm/h, for 37 biofilters at 18 different sites (Le Coustumer et al. 2009). As Le Coustumer 
et al. (2009) explained, biofilters should drain quickly but also “allow enough detention 
time for treatment and vegetation growth.” Hatt et al. (2009) inferred from pollutograph 
data that higher infiltration rates of stormwater through biofilters could result in higher 
pollutant effluent concentrations. 
Additionally, Le Coustumer et al. (2009) noted that biofilters with initially high 
hydraulic conductivities saw the largest decline in that value over time, and this decline 
was approximately half of the initial value. From this, Le Coustumer et al. (2009) 
recommended including a factor of safety when designing biofiltration systems. 
Correspondingly, Lewis et al. (2008) emphasizes the importance of the initial filter media 
hydraulic conductivity in the long-term performance of stormwater biofilters. Oversizing 
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biofilters buffers against unintended reductions or variations in hydraulic conductivity 
(Le Coustumer et al. 2009; Lewis et al. 2008). As a result of field-scale monitoring, 
Lewis et al. (2008) concluded that compaction of the filter media and plant root growth 
causes the initial decreases in the hydraulic conductivity of stormwater biofiltration 
systems. Over time, vegetation created macropores in the filter media, which maintained 
and even increased hydraulic conductivity (Lewis et al. 2008).     
 
2.3.1.1 Metals 
A multitude of studies on stormwater biofilters demonstrate the ability of biofilter 
systems to reduce heavy metal concentrations of cadmium, copper, lead, and zinc in 
stormwater runoff by more than 90% (Sun and Davis 2007; Davis et al. 2001; Hatt et al. 
2009; Lau et al. 2000). Hatt et al. (2007) investigated the use of gravel filter media in 
stormwater infiltration systems, and still saw effective metals removal (>70%). 
Furthermore, Davis et al. (2003) indicated using laboratory boxes and existing 
bioretention facilities that variations in runoff pH, duration, intensity, and pollutant 
concentrations had a minimal impact on metals removal. However, two studies showed 
ineffective removal of copper by biofilters (Blecken et al. 2011; Trowsdale and Simcock 
2011). For example, Trowsdale and Simcock (2011) clearly point out that the studied 
field-scale bioretention system served as both a source and sink of copper. 
Based on laboratory experiments, Blecken et al. (2011) determined that biofilters 
remained effective in removing (>90%) total heavy metal (Cd, Cu, Pb, and Zn) and total 
suspended solids from stormwater in low temperatures (2-20°C). Blecken et al. (2011) 
attributed this to the fact that particle removal predominantly occurs through the physical 
process of filtration (Davis et al. 2009), a relatively temperature independent process 
(Blecken et al. 2011). The study also revealed that biofilters did not effectively remove 
dissolved copper (24-66%) and lead (46-55%). These low removal percentages for the 
dissolved fractions of copper and lead had little effect on the total removal percentages 
because the synthetic stormwater consisted almost entirely of particle-bound copper and 
lead.  
Moreover, Davis and Li (2008) highlight the lack of knowledge on the 
characterization and speciation of metals in runoff. Blecken et al. (2011) claimed that 
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removal of metals in the soil filter material mostly depends on the partitioning of 
dissolved and solid phases in the stormwater influent. Rieuwets et al. (1998) illustrated 
that pH strongly influences the metal partitioning, and is inversely proportional to 
solubility. In addition, cation exchange, complexation, specific adsorption, and 
precipitation reactions govern the distribution of metals in soil (Rieuwets et al. 1998). 
Conversely, Sun and Davis (2007) only incorporated dissolved metals in the synthetic 
stormwater used in the laboratory study and still got over 90% removal of metals. 
Clearly, biofiltration systems can successfully remove metals from stormwater, but 
inconsistencies in the removal of certain metals and the form of different metals 
(dissolved or particulate) create the need for further study. While removal of metals from 
stormwater in biofilters is understood on a basic and qualitative sense, quantifying the 
processes that occur within the biofiltration basin will provide more insight for design 
purposes. There is also a lack of literature related to biofiltration effectiveness for metals 
removal other than heavy metals.  
Sun and Davis (2007) examined the fate of heavy metals (Cu, Cd, Pb, and Zn) in 
laboratory bioretention systems. According to his data, the soil media captured 88-97% of 
the input metals, 2.0-11.6% passed through the system, and 0.5-3.3% accumulated in 
plants (Sun and Davis, 2007). Higher metal concentrations were observed in plant roots 
as opposed to the shoots of the grass species used in the pot prototypes (Sun and Davis 
2007). Davis et al. (2001) also reported similar results for metal uptake by plants in 
laboratory bioretention systems, and suggested that plant toxicity from long-term 
bioaccumulation of metals could pose potential problems in terms of ultimate disposal. 
Through laboratory testing, Read et al. (2008) demonstrated on average that the addition 
of plants to biofiltration systems minimally affects total metals removal. 
Several studies bring attention to the risk of metal accumulation within the filter 
media of biofiltration basins (Davis et al. 2003; Blecken et al. 2011). More specifially, 
Davis and Li (2008) note that “the fate and spatial profiles of captured toxic and 
persistent pollutants within bioretention media and the possibilities of re-entrainment into 
infiltrating runoff are of great concern with respect to BMP performance, as well as to 
design and maintenance issues.” This report attends to these issues. 
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2.3.1.2 Nutrients 
Current research on the removal efficiencies of nutrients using biofiltration 
systems report a wide range of values. Hunt et al. (2006) analyzed the performance of 
three bioretention systems in North Carolina and measured phosphorous removal from 
65% to a 240% increase. He suggested that the type of filter media influenced 
phosphorous concentrations in the effluent of the stormwater from the systems (Hunt et 
al. 2006). Hatt et al. (2009) investigated pollutant removal performance from two 
stormwater biofiltration systems in Australia. One biofilter removed 86% total 
phosphorous while the other leached phosphorous. From that (since the two had 
substantially different amounts of organic matter content), Hatt et al. (2009) proposed 
that biofilters with lower amounts of organic matter resulted in higher removal 
percentages. However, Hatt et al. (2009) argues that the form of phosphorus could impact 
leaching because research (Phillips, 1998) has shown that “soil containing organic carbon 
could retain large amounts of phosphorus.” Other studies, both field-scale and laboratory, 
found that biofilters could remove 80% phosphorous from infiltrating stormwater with 
lower amounts organic matter in the filter media (Bratieres et al. 2008; Hatt et al. 2008). 
Hsieh and Davis (2005) calculated no correlation between certain properties of 
bioretention filter media such as organic matter and cation exchange capacity on 
phosphorus removal despite previously cited research showing otherwise. They attributed 
this to the flow patterns of runoff through the filter media that might allow the 
stormwater runoff to “bypass the bulk soil media,” Hsieh and Davis (2005). 
Undoubtedly, the way in which phosphorous interacts with biofiltration systems is not 
clear, and as a result acts as a barrier to designing effective biofiltration system for 
phosphorous removal. In their review of bioretention system research, Roy-Poirier et al. 
(2010) stated that “additional research work is required to better understand the 
mechanisms for the phosphorus removal within bioretention systems; to identify factors 
that significantly influence the phosphorus removal; and to determine the cause of 
phosphorus leaching often observed in the field.” Hatt et al. (2009) echoed this sentiment. 
Similar to phosphorus, research that studied nitrogen removals – laboratory and 
field scale – from stormwater biofilters displayed highly variable removal percentages. 
While higher levels of total nitrogen removal was possible (Bratieres et al. 2008; Davis et 
!J. Tupper  Chapter 2 (Background)  20 
al. 2001), most studies observed lower removal and even increased amounts in the 
effluent (Hatt et al. 2009; Bratieres et al. 2008; Hatt et al. 2008). Studies that measured 
ammonium removal produced medium to higher removal percentages (Hatt et al. 2009; 
Hatt et al. 2008), but nitrate and nitrite was predominantly not removed and again, even 
increased in the system effluent (Hatt et al. 2009; Bratieres et al. 2008; Hatt et al. 2008; 
Davis et al. 2001). Most studies mentioned the denitrification process as a potential 
method for removing NOx (Hatt et al. 2009; Bratieres et al. 2008; Davis et al. 2001). 
Some studies identified plants uptake and vegetation as important design parameters for 
nutrient removal (Hatt et al. 2009; Bratieres et al. 2008). Hatt et al. (2008) discusses the 
impacts of variable wetting and drying, and Hatt et al. (2009) looked to future testing on 
performance with a permanently submerged zone. More recently, Payne et al. (2013) 
studied the effects of plant species and a saturated zone in laboratory biofilter columns 
specifically for the removal of nitrogen. Overall, the inclusion of both vegetation and a 
saturated zone increased total nitrogen removal. The choice of different plant species or 
the addition of a saturated zone only slightly improved nitrogen removal during wet 
periods, or frequent inflows. These design parameters had a larger impact during dry 
periods where biofilter performance decreased across the board (Payne et al. 2013). As 
shown, the mechanisms regarding the removal of nitrogen from stormwater using 
biofiltration basins are not understood. Without quantitatively characterizing the way in 
which nitrogen interacts with the soil media of biofiltration systems, designs of these 
systems cannot be improved.  
Research offers insight into methods that can or cannot remove nutrients. For 
example, Bratieres et al. (2008) recommended maximizing the area of the biofilter where 
possible since nutrient removal was enhanced for basins with lower inflow volumes. 
Also, gravel filter media is not effective at removing nutrients from stormwater, 
especially dissolved species (Hatt et al. 2007). However, characterizing the 
transformations of nutrients throughout biofiltration basins can help explain why certain 
strategies will or will not work. O’Reilly et al. (2012) studied soil samples beneath a 
stormwater infiltration basin in Florida before and after the use of a new soil media 
termed biosorption activated media. This new media consisted of clay, silt, sand, and tire 
crumb. The new basin, with the biosorption activated media, enhanced the reduction of 
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total dissolved phosphorous and nitrate in the unsaturated zone below the basin. 
Laboratory results suggested that denitrification accounted for most of the nitrate 
reduction. O’Reilly et al. (2012) posited that the increased moisture retention in the 
biosorption activated media created anoxic zones favorable to denitrification reactions. 
Reductions in total dissolved phosphorous and phosphate concentration of over 70% 
most likely occurred from sorption onto the biosorption activated media (O’Reilly et al. 
2012). Essentially, further apprehension of the chemistry behind nutrient, soil, and water 
interactions results in better design of stormwater biofilters (O’Reilly et al. 2010).  
 
2.3.1.3 Bacteria 
 Unlike metals and nutrients, very little research on bacteria and stormwater BMPs 
has been published. However, as Hathaway et al. (2011) concluded: “stormwater runoff 
presents a potential public health hazard due to elevated indicator bacteria levels for all 
portions of the storm event.” Of importance in evaluating stormwater BMPs for treatment 
of bacteria is investigating bacteria interactions with the filter media of the basin. 
Winiarski et al. (2006) took soil samples from three locations in a stormwater infiltration 
basin down to 4 meters into the unsaturated zone, as well as one surface soil sample 
outside of the basin for a control. At all three sites in the basin, the soil profiles showed a 
reduction in bacterial populations from 107 to 105 colony forming units by dry gram 
weight (CFU/g DW) with depth. The bacterial population of the control sample was on 
the order of 105 CFU/g DW (Winiarski et al. 2006). Winiarski et al. (2006) commented 
that the growth of bacteria inside of the basin could result in a biofilm that clogs the 
basin. One main design parameter of BMPs involves the detention or retention of 
stormwater. Kinnaman et al. (2012) demonstrated that stormwater control measures must 
hold stormwater for several days to reduce indicator bacteria to lower levels based upon 
sediment effects on their decay rates. 
 Based on the literature available, bioretention basins appear effective in reducing 
bacteria loading to receiving waters, but not to low enough compared to regulations. 
Hathaway et al. (2009) studied the removal of indicator bacteria in four different types of 
stormwater BMPs in Charlotte, North Carolina: a bioretention basin, two dry detention 
basins, a wet pond, and two wetlands. Results showed that the bioretention basin and one 
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of the wetlands removed around 90% or higher of both the fecal coliform and E. coli 
concentrations from the stormwater influent. The dry detention basins did not remove any 
indicator bacteria while the wet pond and other wetland removed close to 40% 
(Hathaway et al. 2009). Similarly, Hathaway et al. (2012) analyzed the removal 
efficiencies of E. coli and enterococci for six stormwater control measures in 
Wilmington, North Carolina: two bioretention basins, two wet ponds, and two wetlands. 
Both wet ponds reduced the concentrations of both bacteria by approximately 90% or 
more. Both stormwater wetlands did not removed E. coli, but removed 41 and 69% of 
enterococci from the stormwater influent. Interestingly, one bioretention basin reduced 
the concentrations of E. coli and enterococci by 70 and 89% respectively, while the other 
did not remove enterococci and acted as a source of E. coli. One main difference between 
the two bioretention basins was the depth of the filter media: 60 cm for the better-
performing basin as opposed to 25 cm for the other (Hathaway et al. 2012). Jones et al. 
(2008) found a 90% concentration reduction of enterococci by a bioretention basin in 
New Hampshire, while Passeport et al. (2009) also showed a 90% reduction in fecal 
coliform by two basins in North Carolina. Lastly, two studied bioretention basins in 
Maryland removed between 94 and 100% of E. coli and fecal coliform (Li and Davis 
2009). 
 
Grebel et al. (2013) compiled previous research on contaminants of concern in 
urban stormwater as well as mechanisms such as filtration, sorption, and biological and 
chemical transformation that could remove these contaminants in soil. He used this 
research to formulate three design criteria for engineered infiltration systems: choice of 
soil media, control of media saturation, and redox conditions within the soil media 
(Grebel et al. 2013). Grebel et al. (2013) underscored the potential of infiltration systems 
for stormwater contaminant removal, but alerted to the risk associated with the fate of 
these contaminants. He advised that: “Engineered infiltration designs based on a 
mechanistic understanding of contaminant removal will enable this technology to be used 
in a manner ensuring safe and reliable stormwater treatment.” (Grebel et al. 2013). This 
report aims to do just that with actual field-scale testing.  
In their review of bioretention system research, Roy-Poirier et al. (2010) realized 
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that: “Limited modeling work has been performed on bioretention systems and there is a 
need for a comprehensive bioretention model including both hydrologic and water quality 
processes.” 
As discussed, literature on biofiltration basins refers to reactions that occur within 
the basins all on a theoretical and qualitative scale. This report models a biofiltration 
basin to quantify the potential transformations that may affect water quality. Again, while 
literature exists on the effects of varying design parameters on biofiltration basin removal 
efficiencies (Hatt et al. 2007; Le Coustumer et al. 2009), the transformations of pollutants 
throughout the basins are not well characterized. Also, research on the removal of 
bacteria or organics from stormwater is minimal. In summary, stormwater infiltration 
basins can efficiently reduce pollutants loadings to receiving water bodies (Birch et al. 
2005), but better design can both improve and homogenize performance.  
 
2.3.2 Relationships to Groundwater  
Stormwater control facilities such as retention ponds and many biofiltration 
facilities often incorporate infiltration of the effluent into groundwater. Naturally, if these 
facilities do not provide adequate treatment of stormwater, the stormwater may pose 
potential risks to underlying soil and groundwater (Dechesne et al. 2004b; Dechesne et al. 
2004a). To assess this concern, Fischer et al. (2003) compared background groundwater 
concentrations of pollutants in new urban land use areas to those below detention and 
retention stormwater management basins in New Jersey. Samples beneath the basins 
produced lower dissolved oxygen concentrations and higher concentrations of petroleum 
hydrocarbons and pesticides (Fischer et al. 2003). Fischer et al. (2003) inferred that the 
large volumes of stormwater runoff dilute background pollutant concentrations, but 
higher recharge rates ultimately result in larger pollutant loads. Dechesne et al. (2004b) 
examined the spatial distribution of pollutants in an urban stormwater infiltration basin 
located in France. Soil samples reflected that concentrations of heavy metals (with the 
exception of zinc), hydrocarbons, and nutrients rapidly decrease with depth. 
Biofiltration systems trap pollutants within the soil media. They can act as a 
source of pollution if these contaminants leach into the underlying groundwater table. 
The mobility of some pollutants in the environment makes them a high concern for 
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groundwater contamination. In evaluating the potential for groundwater contamination 
from stormwater infiltration practices, Pitt et al. (1999) identified heavy metals and 
pathogens as pollutants of high concern based on three criteria: vadose zone mobility; 
abundance in stormwater; and soluble fractions. For example, Pitt et al. (1999) indicated 
that nutrients represented a low to moderate groundwater contamination potential based 
on lower concentrations in stormwater inflow. However, aerobic degradation of organic 
matter present in the layers of the basin served as a source of dissolved nutrients 
incorporated into passing stormwater flow through the basin.  
Datry et al. (2004) also showed the need to consider the effects of percolating 
stormwater through the biofiltration basin. He monitored dissolved oxygen (DO), heavy 
metals, hydrocarbons, and nutrients at multiple depths in the groundwater below a 
stormwater infiltration basin (Datry et al. 2004). Heavy metals and hydrocarbons were 
not detected in the shallow groundwater table, but concentrations of dissolved organic 
carbon (DOC) and phosphate were elevated. Datry et al. (2004) ascribed this to 
mineralization of organic sediments. Additionally, microbial respiration within the basin 
consumed most of the DO supply, leaving scarce amounts in the groundwater. 
Altogether, Datry et al. (2004) recommended, “that infiltration practices should minimize 
the contact between inflow stormwater and organic sediments retained in infiltration 
basins.” Ultimately, a lack of understanding involving the biological, chemical, and 
physical processes in the both unsaturated and saturated zones creates the need for 
additional research before the widespread implementation of biofiltration systems as 
stormwater control measures (Ellis, 2000). 
Even if biofiltration systems successfully remove pollutants from influent 
stormwater runoff, the pollutants trapped within the soil media can potentially leach into 
the groundwater below the basin. Datry et al. (2003) measured high concentrations of 
heavy metals, nitrogen, organic carbon, phosphorous, and total hydrocarbons in the bed 
sediments in a 30-year-old stormwater infiltration basin. Over thirty organic compounds 
were also detected, including polycyclic aromatic hydrocarbons and polychlorinated 
biphenyls (Datry et al. 2003). Heavy metals and hydrocarbons were not detected in the 
pore water samples however (Datry et al. 2003). Laboratory experiments of infiltrating 
synthetic water through the basin bed sediment indicated “that oxidation of organic 
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carbon led to almost permanent anoxic conditions.” (Datry et al. 2003). As a result, 
ammonium, DOC, and phosphates seeped from the infiltration basin during dry periods. 
The flow of water through the basin primarily occurred through areas of highly 
permeability, where minimal amounts of stormwater sediment accumulated (Datry et al. 
2003). This separation of infiltrating water from contaminated sediment reduced the 
release of nutrients from the basin (Datry et al. 2003). 
Although basins can be tested for effectiveness of contaminant removal from 
stormwater, the processes that govern their removal are not well characterized nor are the 
subsurface transformations from the basin to the water table to a surface water body. 
Pollutants not removed from stormwater and also concentrated in the basin pose a risk to 
water supplies. This research aims to address these unknowns.  !
2.4 The Wachusett Reservoir 
The Wachusett Reservoir is located in central Massachusetts, spanning 4,135 
acres across five towns in Worcester County (MA DCR 2014a). Damming the Nashua 
River, which flows south from New Hampshire, created the Reservoir between 1897 and 
1908 (MA DCR 2014a). The Reservoir lies within the southernmost portion of the 
Nashua River Watershed, as shown in figure 2.1. It holds approximately 65 billion 
gallons of water, and its inflows include the Nashua, Quinapoxet, and Stillwater Rivers as 
well as water transported from the Quabbin Reservoir by the Quabbin Aqueduct (MWRA 
2014a).     
The Wachusett Reservoir is a part of the water supply system operated by the 
Massachusetts Water Resources Authority (MWRA). This MWRA water system supplies 
potable water to about 2.2 million people and 5,500 industrial users, predominantly in the 
greater Boston area (MWRA 2014b; MWRA 2013). Both the Quabbin and Wachusett 
Reservoirs – the two largest bodies of water in the state – provide water for the MWRA 
system (MWRA 2013; Secretary of the Commonwealth of Massachusetts 2012). The 
Quabbin Reservoir is located 30 miles west of the Wachusett, and can store 412 billion-
gallons of water [13]. The Ware River, located between the two reservoirs, also supplies 
drinking water for the MWRA system (MA DCR 2014d). Both the Quabbin Reservoir 
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and Ware River comprise the Chicopee River Bain (Gomez and Sullivan Engineers, P.C. 
2003).  
 
!
Figure 2.1 – Wachusett Reservoir in context of the MWRA water supply system 
(created using ESRI’s ArcMAP GIS) 
 
In addition to the MWRA, the Massachusetts Department of Conservation and 
Recreation (DCR) plays a vital role in supplying potable water to the metropolitan 
Boston area. Its main responsibilities consist of: source water collection and storage, 
reservoir water quality protection, and watershed management (MA DCR 2014d).  
Source water is untreated water from lakes, rivers, streams, or underground 
aquifers used for public drinking water supply or private wells. Public utilities treat 
source water before distributing it to homes. Protecting source water from contamination 
can reduce both the cost of treatment and the risk to public health (U.S. EPA 2012i).  
The 1989 Surface Water Treatment Rule of the Safe Drinking Water Act requires 
the filtration and disinfection of surface water supply sources to prevent unsafe amounts 
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of disease-causing microbes (U.S. EPA 2012g). The Massachusetts Division of Water 
Supply Protection and the MWRA have a joint waiver for the filtration requirement of 
this rule (MA DCR 2014b). One of the criteria to obtain this waiver involves the 
development and implementation of an approved watershed protection plan (MA DCR 
2014b). In 1992, the state of Massachusetts passed the Watershed Protection Act (MA 
DCR 2014c). This act protects the source water quality of the MWRA system by 
regulating land use and activities within the Nashua River, Swift River, and Ware River 
watersheds (MA DCR 2014c; Gomez and Sullivan Engineers, P.C. 2003). According to 
the MWRA, forest and wetlands cover over 85% of these watersheds, and no one can 
build on approximately 75% of the land that make up these three watersheds (MWRA 
2013). 
 
2.4.1 Gate 27 Access 
To protect the water quality of the Wachusett Reservoir, 42 numbered gates 
surround it to provide restrict access (MA DCR 2012). As illustrated in figure 2.2, the 
biofiltration facility in this study resides at Gate 27 near the northwest part of the 
reservoir in the town of West Boylston, MA.  
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!
Figure 2.2 – Gate 27 in relation to the Wachusett Reservoir and its surrounding 
towns (created using ESRI’s ArcMap GIS) 
 
The stormwater BMP at Gate 27 of the Wachusett Reservoir consists of a 
sediment forebay and a biofiltration basin. Stormwater runoff or snowmelt enters two 
catch basins at the intersection of Routes 12 and 110, just north of the BMP. The water 
then travels through drainage manholes, and from there a 24-inch reinforced concrete 
pipe discharges the water into the sediment forebay. The forebay allows for the settling of 
some pollutants, particularly sediment, from the water before it enters the basin. It also 
slows down incoming runoff during a storm event to preventing scouring of the 
biofiltration basin. 
 The biofiltration basin is unlined, so the stormwater can infiltrate into the 
underlying groundwater table. When the water in the basin reaches a certain height, an 
infiltration trench on the far, left-hand side of the basin discharges the water 
approximately 120 feet downstream though a 4-inch PVC pipe to an area of riprap north 
of the Reservoir. This trench drain helps to empty the entire volume of the basin within 
72 hours because infiltration cannot achieve this alone. A berm along the southern edge 
of the basin keeps the water inside of the basin, and it contains an emergency spillway to 
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release water during periods of high flow. The height from the top of the basin to the 
bottom of the basin is approximately 5 feet. A small pool of water usually remains in 
southeastern corner the basin during periods of no flow. Vegetation, specifically a 
‘conservation mix’ of fescue grasses and other grasses, planted in this area also helps to 
remove contaminants from the stormwater. Regarding the filter media of the biofiltration 
basin, six inches of loam overlies the existing soil: Hinckley sandy loam. This soil is in 
hydrologic soil group A, has a high saturated hydraulic conductivity of 6-20 inches per 
hour, and the depth to the water table is greater than 80 inches (Soil Survey 2014). The 
DCR maintains the BMP by mowing it, removing trash, and cleaning out the sediment 
from the forebay. The BMP was constructed in the Fall of 2007. Figure 2.3 is a labeled, 
aerial view of the Gate 27 site in West Boylston, MA. 
  
!
Figure 2.3 – Gate 27 BMP, layout (modified from Google Maps) 
 
!J. Tupper  Chapter 2 (Background)  30 
The infiltration trench is approximately 2-feet wide, 22-feet long, and 2-feet deep; 
the top of the trench is at an elevation of 406.5 feet. It is filled with ¾” to 1½” diameter 
stone. It also contains the beginning of the perforated PVC drainage pipe, with 
perforations down. Nonwoven geotextile surrounds the entire trench, except for the front 
where there is an anti-seep collar instead. Stormwater can enter the trench through the 
geotextile. Stormwater that enters the trench through the bottom and sides must pass 
through soil first; whereas stormwater that enters from the top passes through a layer the 
same stone makes up the trench. The top of the trench is shown in figure 2.4. The layer of 
stone not covered by soil or vegetation is visible, particularly in the top photo. The top of 
the outlet pipe is connected to a 90° elbow and another PVC pipe that extends upward 
above the surface. The white spot in the trench is the pipe cap. This setup allows access 
to the pipe for maintenance and inspection. 
 
!
Figure 2.4 – Infiltration trench top in the basin (Tupper, top: 3/28/14 and bottom: 
10/15/14) 
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3 Methodology 
The main goal of this research is to quantify the effectiveness of a biofiltration 
facility, as well as the associated effects of infiltration and subsurface transport on 
groundwater and surface water quality. This chapter details the approach to meet this 
goal. The overall approach includes a combination of site preparation and 
characterization, field monitoring and sampling, laboratory analysis, data analysis, and 
modeling. 
 
3.1 Site Preparation 
A key objective of this project involves investigating the groundwater at the study 
site. MA DCR provided the information on previous work that was related to this site. 
The MA DCR constructed the BMP at the Gate 27 access to the Wachusett Reservoir in 
2007. Directly across the street from the inlet and sediment forebay is a regional 
emergency response facility for the Wachusett Reservoir. A Texaco service station used 
to be located in this area, and in 1986 a gasoline release was reported to the DEP 
(MassDEP 2013). As part of the site remediation, observation wells were installed and a 
groundwater gradient plan was developed in 1989. The gradient plan was overlaid on an 
aerial image of the Gate 27 site (figure 3.1). After matching the scales, the maps were 
lined up using the roadway, retaining wall, and storm-drain as guides. The 1989 plan 
used solid lines for the calculated groundwater contours and dashed lines for the 
“inferred” groundwater table elevation. In 2013, DCR staff located two observations 
wells still at the site but not in use. The first is southwest of the BMP inlet, uphill, and 
between the vegetation there. Its general location on the aerial map aligned well with its 
position on the overlaid gradient plan. The other observation well, named well 5 (for this 
project), is located southeast of the basin between the outfall rip rap and the emergency 
spillway, figure 3.2. This figure is a cutout from figure 3.1 with the two well 5 locations 
added. The red marker indicates the general location of well 5 on the 2014 aerial map, 
and the orange marker indicates the location on the 1989 overlaid gradient plans. The 
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difference in location highlights the error in this combining the two maps. Either the well 
5 location was incorrect on the gradient plans, or the two maps cannot match exactly.  
 
!
Figure 3.1 – 1989 Groundwater contours 
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!
Figure 3.2 – Cutout of figure 3.1 with two well 5 locations 
 
In order to gain information on groundwater flow and quality at the site, a set of 
monitoring wells was installed. Due to overhead power lines at one of the proposed well 
locations, MA DCR obtained permission from National Grid for the installation of these 
two wells. Under contract with the MA DCR, GZA GeoEnvironmental, Inc. and New 
Hampshire Boring, Inc. installed these wells on 5/21/14 to 5/24/14. The locations of these 
wells were chosen based on the 1989 groundwater contours. Figure 3.1 indicates that the 
stormwater infiltration from the eastern side of the BMP might flow to the east of the 
outfall and from the western side of the basin in line with the emergency spillway. 
During mowing of the Gate 27 site in July, a tractor hit well 2A. The steel casing 
bent approximately 45 degrees, and the PVC pipe broke approximately three feet below 
the surface. The PVC was put back in place and the casing bent back upright. The well 
was not contaminated and continued to function properly. Stormwater discharges from 
the trench drain onto the riprap south of the basin reached wells 2A and 2B, which caused 
erosion at the base of the well casings. The response times from a storm event to when 
groundwater quality changes show up in well 2A confirm that it is groundwater reaching 
these wells. These two issues had no influence on the results. 
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Figure 3.3 shows the locations of the wells at the site. For the installed wells, 
groundwater is drawn up through a 2-inch PVC pipe. Each well contains of a 2-foot-high 
screen at the bottom surrounded by approximately 4 feet of sand and sealed by 2 feet of 
bentonite pellets above the sand layer.  All of the wells are locked, and MA DCR keeps 
the keys. One well upstream of the basin provides data on background water quality (well 
1), while three well nests south of the basin (wells 2, 3, and 4) provide data on 
downstream water quality. All of the wells also provide information on groundwater 
levels at the site. 
 
!
Figure 3.3 – Groundwater monitoring well locations at the Gate 27 site (modified 
from Bing Maps) 
 
After the well installation, the site was surveyed on two days – 8/5/14 and 8/14/14 
– using a Trimble Spectra TS305 Total Station. The surveying data resulted in elevations 
throughout the Gate 27 site, including the inlet, the sediment forebay, the biofiltration 
basin, the outlet, and Wells 2-4. DCR staff also provided approximate elevations for the 
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wells, which served as a check on the measured elevations from surveying. Table 3.1 lists 
the approximate distance of each well from the lower edge of the biofiltration basin along 
with the well ground elevations and bottom elevations. 
 
Table 3.1 – Monitoring well installation information 
Well ID Approx. location relative to basin 
Ground 
elevation (ft.) 
Well-bottom 
elevation (ft.) 
1 70’ W ~ 425 380.76 
2A 
70’ S 
402.41 389.10 
2B 402.07 384.51 
3A 
80’ SE 
399.06 380.30 
3B 398.95 387.56 
4A 
230’ SE 
388.42 382.87 
4B 388.52 378.40 
 
 
3.2 Site Characterization 
The properties of the drainage basin – such as size, shape, and land use – affect 
the amount and quality of stormwater runoff that enters the Gate 27 BMP. The 
catchment, or drainage, area for the Gate 27 BMP was determined in two ways: (1) Using 
a contour map of the surrounding area, and (2) walking the area surrounding the Gate 27 
access to the Wachusett Reservoir with MA DCR staff. MA DCR staff created the 
contour maps by utilizing MassGIS, Light Detection and Ranging (LiDAR) terrain files 
in ArcMap GIS. Both methods involve predicting the flow path of rainfall. The resulting 
delineation is shown in figure 3.4. The total catchment area is approximately 8.8 acres.  
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!
Figure 3.4 – Gate 27 delineation (red) and 2’ contours (yellow) !
Next, a map of the land uses in the Gate 27 catchment area was created in the 
MassGIS online data viewer and editor by adding the land use (2005) datalayer. The map 
also includes roadways, structures, and tax parcels. This map is given in figure 3.5. As 
shown, the drainage area consists of 7 different land uses: commercial, forest, open land, 
multi-family residential, low-density residential, very low-density residential, and 
powerline/utility.  
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!
Figure 3.5 – Land use map for the Gate 27 catchment area (created in MassGIS) 
 
The NRCS method was used to order to estimate stormwater runoff rate and 
volume from multiple storm event for the Gate 27 catchment. A weighted curve number 
for the catchment was determined using the land use and the USGS aerial datalayers. The 
Gate 27 catchment area is made up of Hinckley sandy loam, which is hydrologic soil 
group A (Soil Survey 2014). Table 3.2 lists the curve number for each land use in the 
drainage area (HydroCAD 2011); it also includes an approximated percent of the total 
catchment area for each land use. The given curve numbers assume antecedent moisture 
condition II and initial abstraction as 20% of the maximum potential abstraction. This is 
common policy, and other moisture conditions are only used under special circumstances 
(HydroCAD 2011). The weighted curve number was calculated by summing the products 
of each land use curve number (!"!) and the corresponding percentage of the total 
catchment area (!!) for that land use (equation 1). The estimated curve number for the 
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Gate 27 drainage basin, not including the BMP area, is 73. This curve number is an 
approximation and can therefore be adjusted in the HydroCAD model. 
  
   !"!"#$!!"# = ! !"! ∗ !! +⋯+ !!"! ∗ !!     (Equation 1) 
 
Table 3.2 – Areas and curve number for each land use 
Land use description Curve number 
Percent (%) of total 
catchment area 
Urban districts: Commercial and 
business; 85% average impervious area 89 59.7 
Streets and roads; paved with curbs  
and storm sewers 98 11 
Open spaces; good condition: grass 
cover on 75% or more of the area 39 13.4 
Wood or forest land; good cover 25 15.9 
 
Another parameter in the NRCS method for estimating stormwater runoff rate and 
volume is the time of concentration. The time of concentration represents the time in 
which the stormwater runoff at the “hydraulically most distant point” in the drainage area 
reaches the point of collection (HydroCAD 2011). The time of concentration was 
determined by summing the travel time for three different flow segments: sheet flow, 
shallow concentrated flow, and channel flow. These flow segments are drawn in figure 
3.6 by using the delineation and contours in figure 3.4.  
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!
Figure 3.6 – Time of concentrations flow segments (edited from MassGIS online) 
 
Sheet flow occurs on plane surfaces usually at the headwaters of a catchment area, 
and is estimated using equation 2 (HydroCAD 2011). 
 
    !! = ! !.!"(!")!.!!!!.!!!!.!        (Equation 2) 
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In this equation, !! is travel time in minutes, and ! is flow length in feet, estimated to be 
100 feet. Flow length is critical to this method, and a maximum of 100 feet is 
recommended (HydroCAD 2011). ! is Manning coefficient for sheet flow, which is 0.15 
for short grass. !! is the 2-year, 24-hour rainfall, which is 3 inches for  central 
Massachusetts area. ! is the land slope along the flow path (ft./ft.), which was estimated 
using 2-foot contours as 0.02. The travel time for sheet flow was calculated to be around 
10.1 minutes. 
 Shallow concentrated flow also occurs in the headwaters of a watershed and 
includes overland flow, grassed waterways, and paved areas. The length of this flow 
segment was estimated as 350 feet, and ends where the stormwater enters the catchbasin. 
The flow depth is typically 0.1 to 0.5 feet. Equations 3 and 4 were used to calculated the 
travel time for shallow concentrated flow (HydroCAD 2011). 
 
    !! = ! !!"##!! !!! ℎ!"!!!!! = !!!! !      (Equations 3 and 4) 
 
In this equation, !! is travel time in minutes, and ! is flow length in feet. ! is 
velocity in feet per second, !! is the velocity factor in feet per second, and ! is the land 
slope along the flow path (ft./ft.). Shallow concentrated flow was into 2 sections: 350 feet 
of grass and 400 feet of paved roadways. A velocity factor of 15 ft./s was used for the 
grass waterways and a value of 20.33 ft./s was used for the paved areas. The land slope 
was again estimated using the 2-foot contours in figure 3.4. A slope of 0.046 ft./ft. was 
used for the grassed waterways and 0.005 ft./ft. was used for the paved areas. The travel 
time for shallow concentrated flow was calculated as 6.5 minutes. 
The last flow segment, channel flow, was used when the stormwater entered the 
storm drain system, and this distanced was measured to be 260 feet. Channel flow is also 
estimated using equation 3, except velocity is determined using Manning’s equation. As 
described in chapter 3, information (diameter, Manning’s n, and slope) is known about 
the inlet pipe that cuts under the roadways to the BMP. These values are assumed for the 
other storm drain portion, and the pipes were assumed to be less than half full. Channel 
flow is so fast – especially compared to the other flow segments – that varying different 
parameters did not significantly change the overall value. The travel time for channel 
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flow was conservatively estimated to be 1 minute. Summing the travel time for the three 
flow segments resulted in a time of concentration of approximately 18 minutes. This 
value is clearly a rough approximation, and can be adjusted in the HydroCAD model. 
However, the flow data collected at the inlet pipe to the BMP, discussed in section 4.1.1, 
supported this value. The delay from rainfall until a peak flowrate at the inlet was around 
15 minutes based on the collected flow data.  
To better understand the flow paths of both ground- and surface water at the Gate 
27 site, a topographic profile was created using a 2-foot, contour map made by MA DCR 
with the monitoring wells locations (figure 3.7). Although not directly on the profile line, 
monitoring wells 1-4 were added to the profile view of the site. For each well, the ground 
elevation (brown); well bottom elevation; and the maximum, minimum, and average 
measured water level elevations (blue) were marked. Using the average groundwater 
level elevations, the groundwater table was estimated. The Reservoir elevation was 
determined from surveying and the average elevation was calculated from the staff gage 
readings. The developed topographic profile is presented and discussed in the results 
chapter. 
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!
Figure 3.7 – Plan view of the Gate 27 access to the WR with profile view cut (created 
by MA DCR) 
 
3.3 Field Program 
The field program consists of flow monitoring and a sampling plan. The flow 
monitoring section addresses the collection and calculation of stormwater and 
groundwater throughout the Gate 27 site. The sampling plan section describes the 
sampling procedures and information on the samples collected. 
3.3.1 Flow Monitoring  
The purpose of the flow-monitoring plan was to characterize how the Gate 27 site 
responds to a storm event.  This entails determining the volumetric flow rates of 
stormwater entering the sediment forebay from the inlet and exiting the biofiltration basin 
from the outlet, as well as the change in volume in the biofiltration basin, all resulting 
from a storm event. It also includes understanding the nature of precipitation through the 
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storm event. Gathering information on how the Gate 27 BMP responds to storm events 
helps make recommendations for design. Water quantity also plays a role in quantifying 
contaminant loadings to the site and water quality improvements by the BMP. An end 
goal of amassing this information is also to determine the volume of stormwater that 
exfiltrates from the BMP to the groundwater table. The groundwater flow at the site was 
studied by measuring water levels in the monitoring wells.  
3.3.1.1 Fieldwork 
Flow information was collected for five storm events. Table 3.3 identifies how 
and where flow data was collected. The equipment and methods utilized are further 
discussed in the following sections. The two Hydrolab units were utilized in storms 2 and 
3, but the weir setup failure at the inflow and malfunctions of both Hydrolab units 
resulted in unusable data. The Hydrolabs were then sent out for repair, and therefore 
unavailable for the two storm events in October.  
 
Table 3.3 – Flow data collected for each storm event 
Storm 
Date(s) Inlet Basin Outlet 
5/16 - 
5/17/14 ISCO probe in pipe Staff gage – 
7/15 - 
7/16/14 ISCO probe in pipe Staff gage – 
8/13/14 ISCO probe in pipe; Hydrolab in weir 
Staff gage; 
Depth probe 
Hydrolab   
in weir 
10/16/14 ISCO probe in weir Staff gage; Depth probe 
ISCO 
probe in 
weir 
10/22 - 
10/24/14 – 
Staff gage; 
Depth probe – 
    
Groundwater flow was also monitored at the Gate 27 site. A Solinst Water Level 
Meter from MA DCR was used to measure the depth to water in each of the wells. 
Measurements were taken on almost a weekly basis from July to November 2014. DCR 
staff routinely monitored water depths over the summer and any other readings usually 
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corresponded to a site visit for groundwater sampling. The depths were taken prior to 
pumping of the wells.  
 
3.3.1.2 Stormwater Flow rate and Groundwater Elevation Calculations  
The volumetric flow rate is calculated using three methods, referred to as the 
bucket, pipe, and weir methods. For the weir method, a plastic bin with a v-notch cut into 
one end was placed at the inlet and outlet pipe, as shown in figures 3.8 and 3.9, 
respectively. The weir was anchored at the inlet by drilling holes in and nailing it to the 
concrete apron. An industrial-strength adhesive filled the crack between the bin and the 
concrete apron to prevent water from entering between them. The weir was anchored to 
the outlet pipe using Gorilla Tape. A HACH, MS5 Hydrolab unit was placed in each weir 
and affixed with a cable tie. The Hydrolab was configured to measure depth in the weir 
during and after a storm event. Instead of the Hydrolab unit, the depth in the weir was 
also measured using a probe connected to an ISCO automatic sampling unit for some 
storms. This depth was then used in a discharge equation for v-notched weirs, equation 5, 
to calculate the flow rate (U.S. DOI 2001).   
   
             ! = ! !!" !(2!)!!!!! !tan !! !(ℎ + !)!!      (Equation 5) 
 
In this equation, ! is volumetric flow rate in cubic feet per second (cfs). ! is the 
gravitational constant, 32.2 feet per second squared. Theta, !, represents the angle of the 
v-notch in radians. Head, ℎ, is the depth of the water above the bottom of the weir (feet), 
as measured by the Hydrolab or ISCO units. !! is the discharge coefficient, and ! is the 
head correction factor. Both !! and ! are a function of theta (U.S. DOI 2001). Table 3.4 
lists characteristics for each weir. 
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!
Figure 3.8 – Weir setup at the inlet (Tupper 10/16/14) 
 
!
Figure 3.9 – Weir setup at the outlet (Tupper 10/16/14) 
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Table 3.4 – Weir characteristics 
Weir location: Inlet Outlet 
Weir width 1.5 ft. 14.5 in. 
Weir length 2.4 ft. 19.7 in. 
V-notch width 14 in. 9.0 in. 
V-notch height 12 in. 7 15/16 in. 
V-notch bottom 
to weir bottom 0.42 ft. 4.25 in. 
Theta 60.51 deg. 59.10 deg. 
Discharge 
coefficient, Cd 0.577 0.577 
Head correction 
factor, k 0.0037 0.0037 
 
The pipe method for estimating volumetric flow rate was only used at the inlet. 
An ISCO automatic sampler was configured to measure the depth of water in the 24-inch, 
RCP in the inlet. The ISCO unit includes a long cable with a probe housing at the end. 
This device was then anchored to the pipe bottom. Manning’s equation for open-channel 
flow, equation 6, was then used to approximate the flowrate from the inlet. 
 
       ! = ! !.!"! !!!!!!!!!!       (Equation 6) 
 
In this equation, ! is volumetric flowrate in cubic feet per second. ! is the Manning’s 
coefficient, a value of 0.013 was used to represent the RCP (Bedient 2013). ! represents 
the hydraulic radius in feet, and ! is the cross-sectional area of the pipe in square feet. ! 
is the pipe slope in feet/feet, which was measured on site as 0.0125 feet/feet. The area of 
a partially-full pipe was determined using geometry and trigonometry to develop 
equation 7. This equation is valid when the depth of the water in the pipe does not exceed 
the pipe radius. The four storms analyzed with this method meet this condition.  
 
            ! = ! !! !!!!(∅− !sin∅)          (Equation 7) 
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In this equation, ! is the cross-sectional area of the pipe in square feet. ! is the pipe 
radius: 1 foot for the Gate 27 inlet. ∅, in degrees, is calculated using equation 8, 
developed from the relationship shown in figure 3.10.  
 
     ∅ = 2! cos!! !!!!        (Equation 8) 
 
In this equation, ! is the pipe radius, which equals 1 foot for the Gate 27 inlet. ℎ 
represents the depth of the water in the pipe in feet, measured by the ISCO unit. 
 
!
Figure 3.10 – Parameters for a less than half full pipe calculations 
 
In Manning’s equation (equation 6), the hydraulic radius, ! is calculated from equation 9.  
 
            ! = ! !!        (Equation 9) 
 ! is the hydraulic radius in feet, and ! is the cross-sectional area in square feet. ! is the 
wetted perimeter in feet, given by equation 10. The variables in this equation are 
described above. 
         ! = ! ∗ !∅          (Equation 10) 
 
!J. Tupper  Chapter 3 (Methods)  48 
The pipe method therefore entails field measurements of water depth in the inlet pipe, 
which is used in Manning’s equation to estimate the volumetric flowrate. In the bucket 
method, volumetric flowrate is estimated by timing the filling of a bucket. The bucket is 
held to collect the water flowing out of the v-notch weir. The flowrate equals the volume 
of the bucket over the time to fill it. 
Both of the methods for determining the stormwater flowrates at the inlet were 
simultaneously used during the 8/13/14 storm event. The ISCO probe was placed in the 
inlet pipe and the Hydrolab unit was placed in the weir. Figure 3.11 includes both the 
cumulative volume and flowrates calculated by each method for the August storm. The 
Hydrolab lost power at 5:42 PM, so the weir information was not recorded after this time. 
The shapes of both the volume and flowrate curves for each method match almost 
exactly. The weir volume was always less than the pipe volume. The pipe volume was 
not more than approximately 200 cubic feet larger than the weir volume until 1:30 PM. 
After this time, the largest difference between the two doubled to approximately 400 
cubic feet. The flowrate data reveals a time lag where the weir flows trailed the pipe 
flows by a few minutes. Again, the volumes matched well until 1:30 PM when the pipe 
cumulative volume is noticeably higher than the weir cumulative volume. The lowest 
flows and then the highest occurred after this time. For the lowest flows between 1:30 
PM and 4 PM, the pipe flowrate was not more than 0.05 cfs higher than the weir flows, 
yet this prolonged difference can make a large enough difference when converting to 
volumes. The peak flowrate measured by the weir was 1.15 cfs and 1.7 cfs for the pipe. 
This could be a result of an undersized weir box for those magnitudes of flow. 
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!
Figure 3.11 – Comparison of cumulative volume and flowrates at the inlet by 
location 
 
An ISCO probe was set up in the outlet weir bin only for the 10/16/14 storm 
event. It was programmed to record the water level in the bin every minute for the storm. 
Due to a technical error when accessing the ISCO data, the water level measurements 
were only available every hour, when the ISCO unit also collected a sample from bin. 
The height of the outlet weir bin is 12.2 inches, and the highest level measured by the 
ISCO was 10 inches at 3 PM; therefore, the flow from the outlet pipe presumably did not 
exceed the capacity of the weir. The water depths in the weir bin were converted to 
flowrates using a weir-discharge equation, and volumes were then calculated from the 
flowrates. A polynomial function was then fit to the cumulative volume curve to estimate 
the volume at minute intervals, thereby matching the collected inflow and basin volume 
data intervals. 
Hydrologic data from the August storm proved that the weir bin and inlet pipe 
were both successful in collecting fairly accurate stormwater flow rates. However, the 
weir bin was in some cases too small to accurately capture large flow rates. Strong flow 
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rates also caused the earlier versions of the weir bin to move out of place when not 
anchored properly and also bend out of shape when only anchored to the apron and not 
supported on the sides by rocks. Prior to monitoring the October storm, the bin had 
cracked below the v-notch. Duct tape successfully kept the crack sealed, but minor flow 
leakage might have occurred. If the weir bin was not level, there would be errors in 
measuring the head above the v-notch. Sediments collected at the bottom of the weir bin 
during the storm events, which alters the water level readings. Future use of a weir should 
ensure that it is properly sized and sturdy enough to withstand flows (avoid thin plastic). 
Sandbags were placed onto the concrete apron to direct flow the weir bin. However, if the 
weir bin was not large and long enough, large flow could pass over the weir. The weir bin 
was helpful in providing a relatively safe location to collect samples. For the Gate 27 
BMP, it is recommended that the inflow be monitored using a depth probe in the culvert. 
The weir was successful in measuring flows from the outlet. These flows from the outlet 
pipe were much slower and did not carry a lot of suspended sediments. The outflow was 
also not turbulent, which lead to more accurate water level measurements above the weir      
v-notch. 
The measured water depths in the groundwater monitoring wells were converted 
to a groundwater elevation. The ground elevation at each of the wells was determined 
through surveying (except for well 1, which was provided by DCR). The measured well 
depths were subtracted from measured casing heights to determine the well depth from 
the ground. Wells 4A and 4B, however, are already at ground level. Then the well depths 
from the ground were subtracted from the ground elevation for each well. This results in 
groundwater table elevations. 
 
3.3.1.3 Precipitation 
 Flow information and/or stormwater samples were collected for six storm events. 
These storm events are listed in table 3.5, which includes the precipitation total and 
duration for each storm. The source of this precipitation data was USGS. 
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Table 3.5 – Monitored storm events 
Date(s) Rainfall (in.) Duration (hrs.) 
3/28 - 4/1/14 3.89 43 
5/16 - 5/17/14 0.885 30.75 
7/15 - 7/16/14 0.94 22.25 
8/13/14 1.78 19.5 
10/16/14 1.34 20.75 
10/22 - 10/24/14 2.86 49.5 
 
Two United States Geological Survey (USGS) gages located near the Gate 27 
access at the Wachusett Reservoir were used for rainfall data. The locations of these 
gages are shown in figure 3.12. The Stillwater gage in the Stillwater River is 2.5 miles 
northwest of the site, and the Quinapoxet gage in the Quinapoxet River is 2.7 west of the 
site. These gages collect precipitation data at their respective locations every 15 minutes. 
Precipitation amounts at Gate 27 were determined by averaging the values measured at 
these two gages. Table 3.6 lists the total precipitation amounts at each gage for monitored 
storm events, in addition to the difference between the two gages. The Quinapoxet gage 
(west of the Gate 27 site) had a higher precipitation amount than the Stillwater gage 
(north of the Gate 27 site) for all of the storms, and the differences ranged between 0.19 
and 0.43 inches.      
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!
Figure 3.12 – USGS gage locations relative to the Gate 27 site (modified from 
Google Maps) 
 
Table 3.6 – Precipitation data for the monitored storm events 
Date(s) 
Total Precipitation (inches) 
Quinapoxet Stillwater Difference 
3/28 - 4/1/14 Equipment malfunction 3.89 – 
5/16 - 5/17/14 1.1 0.67 0.43 
7/15 - 7/16/14 1.08 0.8 0.28 
8/13/14 1.89 1.67 0.22 
10/16/14 1.47 1.21 0.26 
10/22 - 10/24/14 2.95 2.76 0.19 
 
Inflow rates and volumes from measurements by the ISCO unit as well as basin 
staff gage readings for the 7/15-7/16/14 storm event did not make sense for the rainfall 
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amount compared to other storms. These values were very high for a storm event that 
produced just less than one inch of rainfall. Precipitation amounts were therefore taken 
from three other sources, summarized in table 3.7. The Gate 27 access to the Wachusett 
Reservoir is located in the town of West Boylston, and Holden is the town to the left of 
West Boylston. The storm in August is the only storm that the precipitation amounts were 
very close for all four precipitation data sources; however, the estimates were also similar 
the March, May, and 10/22 storms. USGS precipitation amounts for the 10/16/14 storm 
were similar to the NOAA (National Oceanic and Atmospheric Administration) 
estimates, but over an inch lower than the Accuweather estimation. As suspected based 
on the ISCO measurements for the July storm, the USGS precipitation amount was 
significantly less than the NOAA and Accuweather estimations. The July storm is the 
only storm in which the USGS precipitation amounts were clearly incorrect. Given how 
the NOAA Holden station precipitation estimates were within approximately 0.2 inches 
for all of the storms, the estimate of 3.9 inches for the July storm was used instead of the 
incorrect USGS data. This rainfall value of 3.9 inches for the July storm also is 
reasonable for the measured inflow and basin volumes. 
 
Table 3.7 – Precipitation data for the studied storm events from multiple sources 
Date (s) 
Total Precipitation (inches) 
2 USGS 
rain 
gages 
(average) 
Accuweather  
(West 
Boylston, 
MA) 
NOAA 
(Holden, 
MA station) 
NOAA (National 
Weather Service 
Precipitation Map) 
3/28 - 4/1/14 3.89 4.12 4.01 2.86-3.85 
5/16 - 5/17/14 0.885 1.50 1.10 0.75-1 
7/15 - 7/16/14 0.94 3.00 3.88 2-2.5 
8/12 - 8/13/14 1.78 1.76 1.71 1.5-2.25 
10/15 - 
10/16/14 1.34 2.69 1.53 1-1.5 
10/22 - 
10/24/14 2.86 2.1 2.62 1.75-2.5 
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Another source of stormwater to the Gate 27 BMP is by direct precipitation. 
Figure 3.13 outlines the surface area of the site that accounts for this additional 
stormwater. This figure was created using the MassGIS online mapping tool with the 
2013 color ortho USGS datalayer. This surface area was calculated as approximately 
25,570 square feet, or 0.6 acres, using the measuring tool. Direct precipitation accounts 
for a sizeable portion of the water entering the Gate 27 BMP. For example, the total 
volume estimated from the culvert for the 8/13/14 storm (~ 1.7 inches of precipitation) 
was approximately 6,070 cubic feet, and the total volume estimate from direct 
precipitation is 3,800 cubic feet.     
 
!
Figure 3.13 – Surface area of direct precipitation that enters the BMP (modified 
from Bing Maps) 
 
3.3.1.4 Basin Monitoring 
Another main aspect of the flow-monitoring plan is to quantify the change in 
volume of the biofiltration basin during and following a storm event. DCR set up a staff 
gage that measures up to 3.3 feet in the eastern end of the biofiltration basin, in the 
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middle of the area where water is predominantly pooled (Figure 3.14). Measurements 
from the staff gage were taken routinely taken during each site visit. Based on surveying 
measurements, the bottom on the staff gage was at an elevation of 405.54 feet.  
 
!
Figure 3.14 – First staff gage location (Tupper 10/15/14, 11:30 AM) 
 
For a storm event, an In-Situ Level TROLL 500 instrument was placed next to the 
staff gage. This instrument uses temperature and barometric pressure readings to measure 
depth of water above it (In-Situ Inc. 2013). The instrument is configured using the Win-
Situ 5 software program, which allows the user to chose a date, time, and measurement 
intervals for deployment in the field. Staff gage measurements were also taken before, 
during, and after a storm event. These values were used to calibrate the depth probe for 
the 8/13/14 and 10/16/14 storm events. Table 3.8 lists the instances when a staff 
measurement coincided with when the depth probe was recording water depths inside the 
basin for the aforementioned August and October storm events. For the August storm 
event, the depth probe overestimated to stormwater in the basin, and underestimated it for 
the October storm. To calibrate the August storm values, 0.06 feet was subtracted from 
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the depth probe readings. This value was used to be conservative. To calibrate the 
October storm values, 0.36 feet was added to the depth probe measurement. 
 
Table 3.8 – Basin staff gage and depth probe measurements 
Date Time 
Elevation (ft.) Difference 
(ft.) Staff gage  Depth probe 
8/13 11 AM 406.64 406.7 – 0.06 
8/13 3:20 PM 406.49 406.65 – 0.16 
10/16 5:10 PM 406.63 406.27 0.36 
10/17 ~ 8 AM 406.4 406.03 0.37 
10/17 ~ 2 PM 406.37 406.02 0.35 
 
Next, a relationship between the depth of water at the staff gage and the total 
volume of water in the basin was developed. Several locations in the basin were surveyed 
to develop a set of elevations (section 3.1). The Gate 27 design plans were overlaid on an 
aerial map of the Gate 27 site, created in ArcMap GIS. Using these two resources, a 
contour map of the biofiltration basin was developed in ArcMap GIS (figure 3.15). 
Figure 3.15 also includes relevant surveying points. The measuring tool in ArcMap GIS, 
with a loxodrome measurement type, was used to approximate the surface areas of the 
water in the basin at these elevations. During a site visit for groundwater sampling, the 
perimeter of the standing water in the basin was measured. The elevation of this water 
was approximately 406 feet, using the staff gage reading as a guide. This measurement 
served as a check for the contours in ArcMap GIS, and it matched well with the perimeter 
of the 406-foot contour.  
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!
Figure 3.15 – Estimated contours (feet) for the Gate 27 biofiltration basin (created 
using ESRI’s ArcMap GIS) 
 
In order to estimate basin volume, the basin was divided into 0.1-foot-high 
segments, modeled as prismatoids. The volume of a prismatoid is calculated from 
equation 11. 
 
    ! = ! !! !ℎ!(!! + !4!! + !!!)         (Equation 11) 
 
In equation 11, ! is the volume of the prismatoid in cubic feet, and ℎ is the height of the 
prismatoid. !! is the surface area of the bottom surface, !! is the surface area of the 
midsection, and !! is the surface area of the top surface. The surface areas are in units of 
square feet. !! is estimated by averaging !! and !!. Surface areas of the water in the 
basin were estimated for the 0.1-foot intervals from the 406- to 410-foot elevations. The 
ArcMap GIS measuring tool was used to measure the horizontal distance between the 
contours. It was assumed that the 407- to 410-foot contours increased by the same 
horizontal distance around the entire perimeter, so an average value was used for between 
each contour. Six different horizontal distances were used for between the 406- and 407-
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foot contours. Using the relationship shown in figure 3.16, these horizontal distances (x) 
for a 1-foot increase in elevation resulted in an alpha value. Equation 12 can then be used 
to calculate the horizontal distance for any elevation change between the two contours. 
 
     ! = ℎ ∗ ! tan!        (Equation 12) 
 
!
Figure 3.16 – Parameters for surface area calculations (plan view) 
 
Equation 12 was then used to calculate the horizontal distance for 0.1-foot 
elevation intervals between each contour. This horizontal distance was then multiplied by 
the perimeter of the preceding contour to calculate an increase in surface area between 
each 0.1-foot elevation interval. This surface area increase was added to the surface area 
of the preceding contour to determine the surface area at that elevation. These surface 
areas were then utilized in equation 11. This resulted in volumes for 0.1-foot elevation 
intervals between 406- and 410-feet elevations. These volumes were plotted versus the 
height at the staff gage, and a trendline was added to fit the data. This resulted in a 
function that related height of the water at the staff gage to the volume in the basin. This 
function was then used to calculate the change in volume of water in the basin as a result 
of the storm event.  
On the afternoon of 10/15/14, DCR moved the staff gage in the basin northeast, 
farther into where water typically pools in the basin (figure 3.17). The elevation of the 
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new staff gages location was 404.7 feet, 0.84 feet lower than the previous location. The 
staff gage was moved to obtain more information on the water level in the basin. On 
multiple occasions, the water level in the pond dropped below the bottom on the staff 
gage, so the actual water level in the pond was unknown. Moving the water level would 
capture changes in the basin water level at these lower elevations. 
 
!
Figure 3.17 – Second staff gage location (Tupper 10/15/14, 2 PM) !
The function described above quantifies the stormwater volume in the basin for 
elevations greater than 406 feet. It was applicable for the storm event on 8/13/14 – when 
the depth probe was first used in the basin – because the water level in the basin started 
just above 406 feet. The staff gage was moved the day before the storm event on 
10/16/14 when the water level in the pond was approximately 405.3 feet. Using the 
MassGIS measuring tool, aerial map, and known elevations, the surface areas and total 
volumes were estimated at several elevations lower than 406 feet, and another 
polynomial function was developed to estimate the total volume in the basin at these 
elevations. 
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On 10/15/14 another staff gage that measures up to 3.3 feet was set up in the 
Wachusett Reservoir to monitor changes in water level from the October storm events 
(figure 3.18). The elevation of this staff gage was surveyed in relation to wells 4 where 
the elevation is known.    
 
!
Figure 3.18 – Staff gage location in the Wachusett Reservoir (Tupper 10/15/14) 
 
3.3.1.5 Basin-outflow Relationship 
Stormwater inflow through the culvert and the water level in the basin were 
monitored for the 8/13/14 and 10/16/14 storm events. A complete stormwater outflow 
data set was successfully collected for the 10/16/14 storm. Based on the basin water level 
and the stormwater outflow from the October storm (figure 3.19), the outflow rate is a 
function of the height of the water in the biofiltration basin. Using the relationship 
between the basin water level and the stormwater outflow from the October storm, the 
stormwater outflow from the August storm can be predicted based on the basin water 
level.  
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!
Figure 3.19 – Basin water elevation and outflow rate for the October storm 
 
For the October storm, the basin water elevation values were plotted on the x-axis 
and the flowrates from the outlet pipe were plotted on the y-axis. Hourly values were 
used based on the actual ISCO outflow readings. A polynomial trendline of degree 4 was 
fitted with an R-squared value of 0.99. The function is given in figure 3.20.  
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!
Figure 3.20 – Function developed based on October storm data 
 
During the October storm, stormwater stopped flowing from the outlet pipe at a 
basin elevation of 406.44 feet, which is also around the time when the stormwater first 
started flowing from the outlet. This value makes sense because the basin elevation above 
the outlet is approximately 406.5 feet. Stormwater can enter the trench through the sides, 
not only through the top. Furthermore, the depth probe was placed at the staff gage on the 
opposite side of the basin, and the water level in the basin would not be exactly even 
throughout the entire area. As the function portrays, the outlet flowrate increases almost 
exponentially when the stormwater level in the basin reaches the trench top elevation, and 
then increases at a steady rate when a head develops over the infiltration trench. By the 
peak stormwater elevation in the basin during the October storm, 407 feet, the infiltration 
trench discharges stormwater close to maximum capacity, so the rate of increase is 
curtailed. 
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 Plugging in the basin water elevations during the August storm into the developed 
function predict an outflow volume over 6,700 cubic feet. If the total stormwater volume 
remaining inside the basin is subtracted from the total inflow volume, the remaining 
value represents the total volume that exits the BMP. The predicted total outflow volume 
makes sense, because it is less than this value. Two stormwater depths in the outlet weir 
bin were manually measured during the August storm and converted to a flowrate using 
the weir-discharge equation. The first measurement was recorded at 11:10 AM with a 
calculated flowrate of 0.17 cfs; the function predicted a flowrate of 0.13 cfs at this time. 
The second measurement was taken at around 3:15 PM when the flowrate was a 
calculated 0.8 cfs; the function predicted a flowrate of 0.09 cfs at this time. The MS5 
Hydrolab unit recorded stormwater depth in the outlet weir bin from 8 to 10:40 AM, but 
the resolution on the Hydrolab measurements was only 0.1 feet. The calculated flowrates 
from the Hydrolab measurements ranged from 0.1 to 0.18 cfs, and the function predicted 
flowrates between 0.11 and 0.2 cfs during this time. Therefore, the function matched well 
with the field measurements.  
 
3.3.1.6 Water Balance 
A water balance equation for the BMP was used to determine the volume of 
stormwater that infiltrated to groundwater from a storm event. 
 
    ! = (! + !)− ! − ! + !!     (Equation 13) 
 
In equation 13, all of the units are in cubic feet, for volume. Each variable – except for !! 
– is over a time step. Therefore, to get the total infiltration resulting from a storm event, 
all of the time steps need to be added together. The variables represent the following: ! = Infiltration to groundwater ! = Stormwater entering through the culvert ! = Direct precipitation onto the BMP surface area ! = Stormwater exiting from the outlet pipe ! = Stormwater inside the basin !! = Initial volume of water inside the basin 
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All five variables in the equation were measured and calculated, and therefore the 
infiltration volume could be determined. 
 
3.3.2 Sampling Plan 
 Stormwater and groundwater samples were collected at the Gate 27 site at the 
locations given in table 3.9. A schematic diagram of these locations is shown in figure 
3.21. Surface water locations are shown with orange dot, and groundwater locations are 
shown with a blue dot. Figures 3.22 and 3.23 illustrate these locations. All surface water 
grab samples and groundwater samples were collected in plastic, Nalgene or glass sample 
bottles while wearing nitrile gloves. The type and number of sample bottles filled were 
based upon the water quality parameters to be tested, according to table 3.10.  Sets of 
bottles were prepared beforehand in labeled, Hefty plastic bags. Samples were stored and 
transported to the WPI laboratory in coolers filled with ice packs. Replicate samples were 
collected at all sampling locations. 
  
Table 3.9 – Information on sampling locations 
Location Description 
Inflow Flowing from 24” RCP at the end of the concrete apron 
Basin Water in the biofiltration basin; taken near the staff gage 
Outflow Flowing from the 4” PVC pipe 
Wells 1-4 Taken after 3 purge volumes 
Wachusett Reservoir Taken at the shoreline 
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!
Figure 3.21 – Sampling locations 
 
!
Figure 3.22 – Surface water sample locations: (a) inflow, (b) outflow, (c) basin, and 
(d) Wachusett Reservoir (Mathisen and Tupper 2014) !
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!
Figure 3.23 – Groundwater well sample locations (Tupper 2014) !!
Table 3.10 – Sample bottles for each water quality test 
Parameter Bottle material Bottle Size (mL) 
Alkalinity, pH Plastic 250 
Ammonia Plastic 60 
Anions Plastic 30 
Bacteria Plastic 250 
Cations Plastic 60 
Dissolved oxygen Glass 300 
Dissolved organic carbon Glass 40 
Total nitrogen Plastic 60 
Total phosphorous Plastic 60 
Total suspended solids, turbidity Plastic 1,000 
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Surface water samples were collected for the six storms detailed in section 3.3. 
Table 3.11 summarizes the water quality samples and data collected at the Gate 27 BMP 
inlet and outlet. WPI and DCR staff took samples from the inlet and outlet. Grab samples 
collected by WPI also used a HACH probe to measure specific conductance and 
temperature of these samples in the field. DCR set up their ISCO automatic sampling 
units in the weir boxes at the inlet and outlet to collect samples at one-hour intervals 
during a storm event. Since the ISCO samples were collected in 1-liter samples bottles, 
bacteria (autoclaved plastic bottle) and dissolved organic carbon (acid-washed glass 
bottle) analysis could not be performed. Lastly, a HACH MS5 or DS5 Hydrolab unit was 
placed in the inflow and outflow weirs bins during storm events to collect real-time water 
quality parameters: luminescent dissolved oxygen, pH, specific conductance, and 
temperature. The Hydrolab unit was configured for long-term deployment with the 
HACH Hydras3T software package, which allows the user to choose the parameters to 
measure as well as date, time, and measurement intervals. The MS5 Hydrolabs were first 
utilized during the May storm event at the inlet and outlet. The units were set to read 
values every 15 minutes. The inlet weir box was not adequately sized for the stormwater 
volumes, and it moved out of place by the storm flows. This storm also confirmed that 
many probes on each of the MS5 units were not reading properly. These probes were 
therefore recalibrated, cleaned, and fixed to the maximum possible extent based on the 
HACH instruction (solution replaced, some removable pieces replaced etc.). For the July 
storm, the reading interval was set to 45 seconds, and although new batteries were put in 
the units, the Hydrolabs lost power within an hour. After talking with HACH support, 
settings related to power consumption were adjusted, and the unit was then deployed for 
the July storm to read every 2 minutes. The MS5 Hydrolabs captured some of the storm 
(15 hours at the inlet and 3 hours at the outlet), but several probes on each unit were 
damaged beyond repair. Both MS5 Hydrolabs were sent to HACH for evaluation and a 
properly functioning rental DS5 unit was used to successfully record information at the 
outlet during the October 16th storm (at 1 minute intervals) and October 22nd storm (at 5 
minute intervals).  
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Table 3.11 – Stormwater samples and readings collected for each storm event 
Date(s) Samples # of sample Hydrolab Hydrolab parameters 
3/28 - 
4/1/14 Grab samples 
In (2), Out 
(3) None – 
5/16 - 
5/17/14 
ISCO at inlet; 
grab samples 
ISCO (5), In 
(1), Out (2) 
MS5 probes broken; 
some salvageable data Temp (In, Out) 
7/15 - 
7/16/14 
ISCO at inlet; 
grab samples 
ISCO (17), 
In (2), Out 
(2) 
MS5 malfunction 
(power) – 
8/13/14 ISCO at inlet; grab samples 
ISCO (15), 
In (3), Out 
(5) 
MS5 malfunction 
(power); probes 
broken; some 
salvageable data 
pH (Out), SpCond 
(In, Out), Temp 
(In, Out) 
10/16/14 
ISCO at inlet 
and outlet; 
grab samples 
ISCO (16 In, 
14 Out), In 
(6), Out (3)  
DS5 at outlet LDO, pH, SpCond, Temp 
10/22 - 
10/24/14 Grab samples In (1) DS5 at outlet 
LDO, pH, 
SpCond, Temp 
 
WPI and DCR staff also took samples from the basin and the Wachusett 
Reservoir during dry- and wet-weather conditions. Fourteen basin samples were collected 
between 5/16 and 11/5/14, and eleven samples from the Wachusett Reservoir were taken 
between 3/28 and 11/5/14. The dates for these samples are listed in table 3.12. 
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Table 3.12 – Basin and Reservoir samples collected (in 2014) 
 Basin Reservoir 
Mar. 28  ✕ 
May 16 ✕  
May 17 ✕  
July 9  ✕ 
July 15  ✕ 
July 17  ✕ 
July 18 ✕  
Aug 5 ✕ ✕ 
Aug 13 ✕  
Aug 14 ✕  
Aug 15 ✕  
Aug. 19  ✕ 
Aug 22  ✕ 
Sept. 5 ✕  
Oct. 16 ✕ ✕ 
Oct. 17 ✕  
Oct. 21 ✕  
Oct. 24 ✕ ✕ 
Oct. 27 ✕ ✕ 
Nov. 5 ✕ ✕ 
 
The seven groundwater-monitoring wells were sampled during both dry and wet 
weather conditions from July to October 2014. A Keck SP 12-volt pump and a Geotech 
Geopump 2 peristaltic pump pumped groundwater from the wells through plastic tubing 
into 5-gallon plastic buckets with graduated volumes by gallon. The tubing was emptied 
between wells and DI water was pumped through it between sampling days. Three well 
volumes were purged before sample collection. This took between approximately 30 and 
90 minutes depending on the well. Groundwater samples were measured for specific 
conductance and temperature in the field using a HACH water quality probe. The Keck 
groundwater pump was always used for well 1. The Keck pump was first used to collect 
samples from wells 2-4, but proved too powerful. It would draw up a large amount of air 
and sediment into the tubing. Therefore, the Geotech pump was then used to collect 
samples from wells 2-4. To save time, some of the October and November samples from 
wells 2 and 3 were collected by first pumping around 2 purge volumes with the Keck 
pump then switching to the Geotech pump for the rest of the pumping. The pumping rate 
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both pumps were always monitored and adjusted to prevent air and sediment from 
entering the tubing. Seventy-nine groundwater samples were collected from the 7 
monitoring wells between 7/1/14 and 11/5/14. The number of samples taken from each 
well is given in table 3.13 and the dates for these samples are given in table 3.14. 
 
Table 3.13 – Groundwater samples breakdown 
Well 1 2A 2B 3A 3B 4A 4B 
# of samples 8 14 13 12 13 9 10 
 
Table 3.14 – Groundwater samples collected by date (in 2014) and well 
 1 2A 2B 3A 3B 4A 4B 
July 1 ✕       
July 9  ✕    ✕ ✕ 
July 15  ✕ ✕ ✕ ✕   
July 17    ✕ ✕   
July 18 ✕ ✕ ✕   ✕ ✕ 
July 24  ✕ ✕  ✕   
Aug. 5   ✕ ✕  ✕ ✕ 
Aug. 14   ✕ ✕    
Aug. 15  ✕   ✕   
Aug. 19      ✕ ✕ 
Aug. 22  ✕   ✕   
Aug. 25   ✕ ✕ ✕   
Sept. 5 ✕   ✕    
Sept. 10  ✕ ✕  ✕  ✕ 
Sept. 24 ✕ ✕ ✕ ✕ ✕ ✕ ✕ 
Oct. 15 ✕ ✕ ✕ ✕ ✕ ✕ ✕ 
Oct. 17  ✕   ✕   
Oct. 19 ✕ ✕ ✕ ✕ ✕ ✕ ✕ 
Oct. 22 ✕ ✕ ✕ ✕ ✕   
Oct. 27 ✕ ✕ ✕ ✕ ✕ ✕ ✕ 
Nov. 5  ✕ ✕ ✕  ✕ ✕ 
 
3.4 Laboratory Procedures 
The stormwater and groundwater samples were analyzed for the water quality 
parameters shown in table 3.15. Not every sample collected was analyzed for every 
pollutant and parameter. However, duplicate lab analyses were conducted for many of the 
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collected samples. The table specifies the equipment and procedure/method utilized to 
perform the each test.  
 
Table 3.15 – Overview of laboratory testing 
Parameter Instrument Method 
Alkalinity 
Accumet Basic AB15 pH 
meter; HACH digital 
titrator 
Gran titration 
Ammonia HACH DR 3900 Spectrophotometer Nessler method; HACH 8038 
Bacteria (total coliforms, 
E. coli) 
IDEXX Quanti-Tray Sealer 
Model 2X Standard method 9223 
pH Accumet Basic AB15 pH meter – 
Dissolved oxygen Thermo Electron Corp. Orion 3 star DO benchtop – 
Dissolved organic carbon Shimadzu TOC-5000A  
High-Temperature 
Combustion Method = 
standard method 5310B 
Specific conductance HACH probe – 
Temperature HACH probe – 
TKN HACH DR 3900 Spectrophotometer HACH 10242 
Total phosphorous HACH DR 3900 Spectrophotometer 
Sulfuric acid-nitric acid 
digestion 
Total suspended solids Pump, oven, and Ohaus Discover scale EPA 160.2 
Turbidity Hach Model 2100N Laboratory Turbidimeter 
Nephelopmetric Method; 
2130 
Anions (bromide, chloride, 
fluoride, nitrate, nitrite, 
phosphate, sulfate) 
Dionex ICS-2100 RIFC, 
AS-DV autosampler Ion Chromatography 
Cations (Ca, Fe, K, Mg, 
Mn, Na) 
Atomic Absorption 
Spectrophotometer 
Air/Acetylene Flame Atomic 
Absorption !
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3.5 Data Analysis 
The three keys parameters in evaluating the performance of a stormwater BMP 
are pollutant concentrations entering and exiting the BMP, volume reduction between the 
inlet(s) and outlet(s), and the total loads at the inlet(s) and outlet(s) (U.S. EPA 2014b). 
Total load is given by equation 14.  
 
         !! = !! ∗ !! ∗ ∆!!!!!!      (Equation 14) 
 
In equation 14, !! represents the total load of a pollutant in units of mass. ! is the 
flowrate in mass per time, ! is concentration in mass/volume, and ∆! represents a time 
interval. As shown, the total load of a pollutant is expressed in units of mass and a 
function of both concentration and volume throughout a storm event. Analyzing the 
concentrations of pollutants entering and exiting a BMP help to give a general sense of 
performance; however, they do not take into account volume reduction. Most studies on 
BMP performance do not calculate the loadings to and from the system (U.S. EPA 
2014b). As demonstrated in the literature review section on biofiltration BMP 
effectiveness in chapter 2 of this report, studies commonly take inflow and outflow 
concentrations and calculate percent removal to use as a measure of BMP performance. 
Although a simple concept, percent removal is a poor measure of BMP performance 
because of its many flaws (U.S. EPA 2014b and Wright 2007). 
To estimate loadings using equation 14, the inflow/outflow concentrations were 
approximated over the entire storm event based on the set of collected samples. This was 
done by setting a time interval for each data point, as exemplified in figure 3.24. As 
shown, the concentration changes at the midpoint between data points. 
 
!J. Tupper  Chapter 3 (Methods)  73 
!
Figure 3.24 – Example of concentration approximations (inflow nitrate) for a storm 
event 
 
 Next, the flowrate was multiplied by the concentration. For the inflow loading 
during storm 5, for example, this was done for the data points at every minute (flow data 
was collected every minute). This generated a mass flow curve, figure 3.25. The area 
under the curve represents the total load, and it was calculated using the trapezoidal rule. 
Each point was averaged with the preceding and then multiplied by the time interval 
between points – in this example, 60 seconds. Summing these points together produced 
the total load value. 
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!
Figure 3.25 – Example of a mass flow curve (inflow nitrate) for a storm event 
 
The total pollutant loadings were estimated for the storm events on 8/13/14 and 
10/16/14. As listed in table 3.11 (section 3.3.2), a minimal amount of samples were 
collected for storms events on 3/28 - 4/1/14 and 10/22 - 10/24/14. For the storm event on 
5/16 - 5/17/14, almost all of the stormwater inflow occurred after 3 AM on 5/17/14. The 
ISCO automatic sampling unit somehow malfunctioned and therefore stopped collected 
samples at 5:30 PM on 5/16/14. For the storm event on 7/15 - 7/16/14, 8,500 of the 
10,000 cubic feet measured at the culvert inlet to the BMP occurred from 3:39 PM to 
5:26 PM on 7/15/14. The ISCO automatic sampling unit collected samples at 3:36 and 
5:36 PM, but there was an error in collecting a sample at 4:36 PM. Two outflow sample 
were collected for the July storm, the first at 5 PM on 7/15/14 and the other around 9 AM 
on 7/16/14. Consequently, with the available information, loadings were only estimated 
for storms on 8/13/14 and 10/16/14. For the August storm, the total inflow loading was 
estimated using flow data measured every minute by the ISCO probe and a set of 10 
samples collected over the course of the storm. The total outflow loading was determined 
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using a total outflow volume predicted from the basin water levels (section 3.3.1.5), and 
an average outflow concentration calculated using 4 collected samples. In general for all 
six storms studied, the concentration of pollutants in the outflow did not vary 
significantly. The largest set of data for both the inflow and outflow was collected during 
the October 16th storm. One ISCO probe collected flow data at the inlet every minute, and 
another collected flow data at the outlet every hour. Twenty-two samples were collected 
at the inlet and 17 at the outlet, but not all samples were tested for every constituent. 
Contaminant mass loadings were calculated for two of the four storm events that 
were extensively sampled. For these four storms, an automatic sampling unit was set up 
to collect samples hourly. This plan was unsuccessful for storm events in May and July 
due to the nature of the rainfall. Almost all of the rainfall during these storms occurred in 
less than two hours. Consequently, a better understanding of the possible rainfall duration 
and intensity prior to a storm event will yield more useable sampling data. Future 
sampling efforts should focus more on the inflow due to its variability in water quality, 
unlike the fairly consistent water quality at the outlet. !
3.6 Modeling 
The HydroCAD and PHREEQC software packages were utilized to further analyze 
the water quantity and water quality data. 
 
3.6.1 HydroCAD Model 
HydroCAD is software program that models the hydraulics and hydrology of 
stormwater runoff. (HydroCAD 2011). HydroCAD can generate runoff hydrographs for a 
watershed and model these flows throughout a drainage system. The HydroCAD model 
for the BMP at Gate 27 is shown in figure 3.26. HydroCAD uses nodes to represent 
different features in a system, and the Gate 27 model includes two subcatchment nodes 
and a pond node. The sediment forebay was not included in the model as a node, because 
the storage it provides is minimal compared to the biofiltration basin. Furthermore, not 
including the sediment forebay simplifies the model. Subcatchment 1 (or 1S) represents 
direct precipitation onto the BMP surface area of approximately 0.6 acres. Therefore, the 
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curve number was set to 99 and the time of concentration to 0. Precipitation data was 
available for all six storms at 15-minute intervals (section 3.3.1.3). A custom storm 
distribution file was created for each storm event, and the precipitation data was inputted 
manually. Subcatchment 2 (or 2S) represents the drainage basin for the Gate 27 BMP. 
Section 3.1 characterized the drainage basin and explained how a curve number and time 
of concentration was calculated.  
 
!
Figure 3.26 – Gate 27 HydroCAD model 
 
Inputs to the BMP are routed through a pond node. Custom stage data with an 
elevation (ft.) and surface area (ft.2) was used to define the storage for the pond node (see 
section 3.3.1.4). For all of the monitored storm events, water was already present in the 
basin before the storm. To account for the water already present in the basin prior to a 
storm event, the basin bottom as defined in the pond node storage data was adjusted to 
match the water level in the basin before the storm event. Stormwater can exit the basin 
in three ways: (1) infiltration to groundwater, (2) through the infiltration trench to the 
outlet pipe, and (3) the emergency spillway. Infiltration to groundwater was included in 
the model as an exfiltration outlet from the pond node. Exfiltration was set to occur at all 
elevations of the basin at a constant flow. The infiltration trench was modeled using 
custom stage data (see section 3.3.1.5). The emergency spillway was modeled as a broad-
crested, rectangular weir. The length and width of the spillway was measured in the field 
and the invert elevation was determined from surveying data. Both were cross-checked 
with the Gate 27 plans.   
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A complete set of information was collected and calculated for the August and 
October 16th storms, and these storms were used to calibrate the HydroCAD model. The 
calculated infiltration rates for the August and October 16th storm events (see section 
4.2.1) were used to choose an infiltration flow rate for the model. A rate of 0.07 cfs 
produced infiltration and outflow volumes that were close to the calculated values for the 
October 16th storm, and a rate of 0.03 cfs produced infiltration and outflow volumes that 
were close to the calculated values for the August storm. Therefore, an average rate of 
0.05 cfs was chosen for the model. In the model, the infiltration rate significantly impacts 
the total outflow and infiltration volume estimations. Table 3.16 lists the outflow and 
infiltration volumes based on the different infiltration rates for the August and October 
16th storms compared to the calculated values from collected field data. These numbers 
show that a difference of 0.02 cfs in the infiltration rate results in an error around 1,000 
cubic feet from the actual volumes. 
 
Table 3.16 – Infiltration rate versus outflow and infiltration volume estimations 
Storm Date Methods for volume estimation Outflow (ft.3) 
Infiltration 
(ft.3) 
8/13/14 
Calculated from field data, “actual” 6,700 1,800 
Model (0.03 cfs) 6,400 2,000 
Model (0.05 cfs) 5,300 3,200 
10/16/14 
Calculated from field data, “actual” 3,200 3,400 
Model (0.07 cfs) 3,700 3,600 
Model (0.05 cfs) 4,300 2,600 
 
Using some of the information collected for the May, July, and October 22nd 
storm events, the HydroCAD model was run to obtain a complete set of information for 
these storms. A link node was added to the HydroCAD model to input the inflow 
hydrographs (developed from the collected flow data) for the May and July storm events. 
It replaced the subcatchment node for these storms. The model was then used to 
determine the outflow and infiltration volumes for these storms (May and July). For the 
October 22nd storm, the HydroCAD model was used to get the inflow, outflow, and 
infiltration volumes. The depth of water in the basin during the storm event was known, 
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and it was used to calculate an outflow volume (see section 3.3.1.5) to compare to the 
HydroCAD model.  
The estimated curve number for the Gate 27 drainage basin is 73. For the October 
16th storm, a curve number of 79 in the HydroCAD model produced an inflow volume 
that matched with the calculated value from collected field data, and for the August 
storm, a curve number of 72 in the HydroCAD model produced an inflow volume that 
matched with the calculated value from collected field data. A curve number of 72 was 
used in the model for the October 22nd storm. The estimated outflow volume for the 
October 22nd storm was 19,000 cubic feet based on the water level elevations in basin. 
The HydroCAD model produced an outflow volume that matched this estimate when the 
curve number was 72.  !
3.6.2 PHREEQC Model 
The PHREEQC software package was used to develop an inverse model to 
characterize the potential for reactive transport between the basin and groundwater wells. 
By entering water quality results for collected stormwater and groundwater samples at the 
Gate 27 site, the model can quantify the processes that affect groundwater quality. The 
model helps in interpreting the water quality results of collected samples. This model 
provided a basis for obtaining an approximate estimate of the percentage of water in the 
groundwater samples that may have resulted from infiltration from the basin, as well as 
the basic processes along the flow path that may have resulted in the concentrations 
obtained from the well samples. 
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4 Results 
To characterize the effects of the Gate 27 biofiltration BMP on quality of water 
entering the Wachusett Reservoir, flow data and water samples were collected at the Gate 
27 study site and analyzed. Structural stormwater BMPs serve two main purposes: (1) to 
manage stormwater quantity, and (2) improve stormwater quality (U.S. EPA 2013a). 
These two aspects of BMP function for the biofiltration facility at Gate 27 are discussed 
in sections 4.1 and 4.2, respectively. The information in these sections is further divided 
into two subsections: one for surface water data and the other for groundwater data.  
 
4.1 Water Quantity 
During a storm event, stormwater from an 8.2-acre drainage area enters the Gate 
27 BMP through a 2-foot culvert. Water exits the BMP by either seepage directly to 
groundwater or by seepage through a one-foot filtration bed to an outfall pipe on one side 
of the basin. In the first section (4.1.1), the flowrates and stormwater volumes throughout 
the BMP are detailed for multiple storms. A water balance of the site was described in 
section 3.3.1.6. In the second section (4.1.2), the collected water depth measurements 
from the groundwater monitoring wells are used to estimate groundwater flow at the site 
and identify any changes in response to storm events.  
 
4.1.1 Stormwater Runoff 
In this section, the stormwater runoff throughout the BMP is characterized and 
quantified. The flow information from two storm events is highlighted. Complete 
information was collected for one storm event that occurred on October 16, 2014 
(hereafter referred to as the October storm). The second storm event discussed occurred 
on August 13, 2014 (hereafter referred to as the August storm). Detailed information was 
collected for the August storm, but the results from the October storm were used to 
calibrate the August storm outflow hydrograph. A limited set of stormwater flow 
information was also collected for three other storm events: one on 5/16 - 5/17/14, 
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another on 7/15 - 7/16/14, and the third on 10/22 - 10/23/14. The results from the August 
and October storms were used to calibrate a HydroCAD model of the BMP, which then 
was used to estimate the missing information for the May, July, and October 22nd storms. 
Additional water quantity data from these three storms is provided in Appendix A. 
 
4.1.1.1 October 2014 Storm 
The cumulative rainfall amount during October 16th is presented in figure 4.1. 
Over a 12-hour timespan from 6 AM to 6 PM, 1.3 inches of precipitation fell. After the 
first 0.4 inches of total precipitation, 0.8 inches fell between 12 and 2 PM. The inflow 
and outflow hydrographs for the BMP are shown in figure 4.2. The inflow represents the 
stormwater that enters the BMP through the culvert, and the outflow represents the 
stormwater that exits the BMP through the infiltration trench to the outlet pipe. The 
inflow reached a peak flowrate of 1.15 cfs at 2 PM, and the peak flowrate for the outflow 
was 0.23 cfs a 3 PM. The outflow did not start until 1 PM, and flow from both the inlet 
and outlet stopped close to 9 PM. 
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!
Figure 4.1 – October storm precipitation 
!
Figure 4.2 – October storm hydrographs 
 
The stormwater volumes during the October storm at one-minute intervals are 
given in figure 4.3. The inflow, outflow, and infiltration volumes are cumulative. In this 
figure, inflow represents stormwater that enters the BMP through the culvert and 
precipitation directly onto the BMP surface area. The basin signifies the stormwater 
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volume inside of the biofiltration basin at that point in time. Outflow represents the 
stormwater that exits the BMP from the infiltration trench and outlet pipe, and infiltration 
represents stormwater that exits the BMP by infiltration to groundwater. The infiltration 
volume was calculated by using the inflow, basin, and outflow volumes in a water 
balance equation for the BMP. 
The total estimated stormwater infiltration volume was 3,100 cubic feet. Most of 
the infiltration occurred during the first part of the storm, before 2 PM. Before 11 AM, all 
of the stormwater that entered the BMP was considered to be infiltration. Around 11:30 
AM, the infiltration volume dropped as the basin started filling up. This is because some 
of the stormwater initially considered to be infiltration did not reach the basin yet – it had 
to pass through the sediment forebay first. The infiltration volume dropped at 2 PM when 
the stormwater started exiting from the outlet pipe. Stormwater enters the outlet pipe 
through an infiltration trench on the western side of the basin. Therefore, some 
infiltration entered the sides and bottom of the trench under the basin instead of reaching 
the groundwater table. There was very little to no infiltration after stormwater started 
flowing through the infiltration trench to the outlet pipe. After 3 PM, the stormwater 
infiltration volume increased by approximately 500 cubic feet. By 2 PM on October 17th, 
2,200 cubic feet of stormwater still remained in the basin – a 1,700-cubic-feet increase 
from before the storm event. At 7:45 PM on October 16th, the stormwater elevation in the 
basin dropped below the top of the infiltration trench. 
The rates (in cubic feet per second) for infiltration to groundwater are shown in 
figure 4.4 for the October storm. The infiltration values are average rates for the half hour 
preceding the data point. For example, the rate at 1 PM represents the average rate from 
rates between 12:30-1 PM. The infiltration rate matched the inflow rate until the basin 
started filling up with stormwater at 11 AM. The average rate was as high as 0.61 cfs 
shortly before stormwater started exiting the BMP through the infiltration trench. From 3 
PM to 12 AM, the average infiltration rate was 0.01 cfs. The average infiltration rate for 
the entire storm was 0.05 cfs. This average rate is an estimated 1.1 inches per hour when 
considering the surface area of the basin in which infiltration occurs. The high variability 
in the infiltration rates is result of the water balance equation used to calculate it. The 
time delay of the stormwater traveling between the culvert, basin staff gage, and outlet 
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pipe causes the large fluctuations in infiltration. These time delays, resulting from the 
method for calculating infiltration, caused the negative infiltration rates. 
 
!
Figure 4.3 – October storm cumulative stormwater volumes 
!
Figure 4.4 – October storm infiltration rates 
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4.1.1.2 August 2014 Storm 
Figure 4.5 shows the cumulative precipitation amounts on August 13th. The total 
precipitation amount for the storm was 1.78 inches. The first 1.36 inches of rainfall 
occurred at a fairly steady rate, until 5 PM when approximately 0.4 inches of rain fell in 
about an hour. The inflow and outflow hydrographs for the BMP are shown in figure 4.6. 
The rainfall and inflow started after 5 AM, and the outflow started at 7 AM. The inflow 
does not exceed 0.5 cfs except after 5 PM when it reaches a peak of 1.7 cfs. The outflow 
reached a peak of 0.26 cfs around 5:30 PM, and prior to this, the flowrate did not exceed 
0.21 cfs. Overall, the outflow rate was steady, compared to the inflow with sharp changes 
in flowrates throughout the storm event. These characteristics were similar to the October 
event. The inflow stopped around 6:30 PM when the rainfall also stopped. The outflow 
virtually ended two hours later at 11 PM. The rainfall, inflow, and outflow all stopped at 
around the same time for the October storm. 
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!
Figure 4.5 – August storm precipitation 
!
Figure 4.6 – August storm hydrographs 
 
The stormwater volumes for the culvert, basin, outlet pipe, and infiltration to 
groundwater during the August storm are given in figure 4.7. The culvert, outlet pipe, and 
infiltration volumes are cumulative. The total estimated stormwater infiltration volume 
was 1,800 cubic feet. One half of this total, 900 cubic feet, occurred at the start of the 
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storm in the hour before the basin began filling up with stormwater. In several instances 
(9 AM, 12 PM, and particularly at 5 PM), the cumulative infiltration volume increased 
rapidly, but then immediately dropped back down around the cumulative volume just 
before this increase. This denotes the time delay from the stormwater entering the 
sediment forebay to reaching the biofiltration basin. At 11 PM the stormwater elevation 
in the basin dropped below the top of the infiltration trench, and by 12 AM on October 
17th, 2,500 cubic feet of stormwater remained in the basin. 
The infiltration and outflow rates for the August storm are presented in figure 4.8. 
The infiltration rates reflect the rapid increases and subsequent decreases in infiltration 
volume visible in figure 4.7. Between 9 AM and 3 PM when there was a predominantly 
steady increase in infiltration volume, the average infiltration rate was 0.05 cfs. This rate 
matches the average rate for the entire October storm. The infiltration rate was essentially 
zero after 3 PM. The average infiltration rate for the entire August storm was 0.02 cfs. 
The average rate is 0.5 inches per hour when taking the surface area of the basin where 
the infiltration occurs in account. 
 
!
Figure 4.7 – August storm cumulative stormwater volumes 
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!
Figure 4.8 – August storm infiltration rates 
 
Table 4.1 includes various parameters from the August and October storm results. 
The rainfall total, rainfall duration, culvert inflow volume, and starting basin volume 
were similar for both storms. Yet, the August storm had significantly less infiltration 
volume than outflow volume, and the infiltration and outflow volumes for the October 
storm were almost the same. This difference in total infiltration volumes for these storms 
is attributed to the length of time between the start of the storm to when the outflow 
started. This time interval was 2 hours for the August storm and 7 hours for the October 
storm. The antecedent moisture conditions should affect the time interval. However, the 
October storm actually had much more 10-day antecedent rainfall than the August storm. 
The outflow depends on the water elevation in the basin, which was 0.4 feet higher 
before the August storm than that October storm. 
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Table 4.1 – August and October storms key information 
Parameter August storm October storm 
Rainfall total (in.) 1.78 1.34 
Rainfall duration (hrs.) 18.5 20 
Culvert inflow volume (cubic ft.) 6,100 5,600 
Direct precipitation volume (cubic ft.) 3,800 2,900 
Peak inflow rate (cfs) 1.7 1.15 
Time of concentration (minutes) 10 15 
5-day antecedent moisture conditions (in.) 0 0.15 
10-day antecedent moisture conditions (in.) 0.25 0.77 
Starting basin volume (cubic ft.) 1,000 500 
Outflow volume (cubic ft.) 6,700 3,200 
Infiltration volume (cubic ft.) 1,800 3,400 
 
4.1.1.3 All Storms 
The results from the six monitored storm events are summarized in table 4.2. An 
important result is the amount of stormwater that exited the basin through the outlet pipe 
versus the amount that infiltrated to groundwater. For the two storm events with less than 
1.5 inches of rainfall, the outflow and infiltration volumes were similar. For larger 
storms, the outflow volume was significantly larger than the infiltration volume. When 
the stormwater elevation in the basin is above the infiltration trench, the majority of the 
stormwater exits the basin through the outlet pipe. 
Another observation is the difference in culvert inflow volume for the July and 
October 22nd storm events. The culvert inflow volume for the July storm was most likely 
underestimated based on a few basin volume estimations from staff gage readings during 
the storm. The culvert inflow volume for the October storm could be somewhat 
overestimated as well. However, the difference between the two storms still highlights 
probable seasonal impacts. 
Lastly, the culvert inflow volume was low for an estimated drainage area of 
approximately 8.2 acres. The drainage area could be overestimated. The fact that both 
methods for monitoring the stormwater volumes that entered the BMP produced similar 
results for the same storm event suggests that the estimated stormwater culvert inflows 
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were accurate. Mapping of the catchbasin system in this area could help explain the 
amount of stormwater that enters the BMP. However, for lower rainfall amounts, the 
HydroCAD model estimated stormwater culvert inflow volumes similar to those 
monitored in the field. 
 
Table 4.2 – Key information for the six monitored storm events 
Parameter May July August October 16th 
October 
22nd 
Rainfall total (in.) 0.89 3.9 1.78 1.34 2.86 
Rainfall duration (hrs.) 31 31 18.5 20 50 
Culvert inflow volume (ft.3) 4,400 10,000 6,100 5,600 19,200 
Direct precipitation  
volume (ft.3) 2,900 8,100 3,800 2,900 5,600 
Total inflow volume (ft.3) 7,300 18,100 9,900 8,500 24,800 
5-day antecedent moisture 
conditions (in.) 0.01 0.3 0 0.15 0.01 
10-day antecedent moisture 
conditions (in.) 0.68 1.44 0.25 0.77 1.35 
Starting basin volume (cubic ft.) 500 500 1,000 500 1,000 
Outflow volume (ft.3) 2,800 13,000 6,700 3,200 18,000 
Infiltration volume (ft.3) 3,400 5,200 1,800 3,400 6,800 
 
4.1.1.4 Implications for Design 
The stormwater runoff results provide insight into how the BMP functions during 
rain events. Stormwater runoff from the 8.2-acre drainage area entered the BMP via the 
inlet, but rainfall also entered the BMP directly across the surface area of the system. For 
the monitored storm events, direct precipitation accounted for a substantial volume 
entering the BMP compared to the stormwater inflow. Modeling programs should 
therefore incorporate direct precipitation. Stormwater exited the BMP by infiltration or 
through the outlet trench drain. The results showed that almost all of the infiltration 
occurs at the beginning of the storm, before the stormwater reaches the trench drain. The 
amount of infiltration depends heavily on the antecedent moisture conditions and the 
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height of water in the pond prior to the storm. Rainfall intensity also affects the way in 
which a BMP responds to a storm event. 
The BMP at the Gate 27 access to the Wachusett Reservoir is considered a 
biofiltration basin, but the design consists of elements from both a biofiltration basin and 
an infiltration basin. The MassDEP design guidelines for these BMPs were presented in 
chapter 2. The surface area of the Gate 27 BMP is 7% of the area that drains to it, which 
meets the MassDEP recommendation of 5 to 7%. The Gate 27 BMP surface area is also 
18% of the impervious cover area – far larger that the suggested 2% by the FAWB. 
Stormwater enters the BMP via a 2-foot RCP and spills onto an approximately 4-foot by 
4-foot concrete apron, which distributes flow over a wider area. Rip rap at the end, below 
the apron also helps slow down the incoming stormwater to prevent erosion. Grasses 
cover the forebay bottom, which promotes in infiltration. Stormwater can exit the 
sediment forebay over the spillway in the surrounding berm. This spillway is located at 
the far end of the forebay from the inlet pipe. This design creates longer sedimentation 
times. The sediment forebay provides pretreatment for suspended sediments as well as oil 
and grease. Lastly, the sediment forebay was at a higher elevation than the basin, which 
created more subsurface space for infiltration. 
The design of the outlet structure in relation to the basin affects the distribution of 
stormwater volume between the outlet and infiltration to groundwater. Stormwater enters 
the basin from the sediment forebay spillway to the middle of the basin, where the basin 
slopes downward to the eastern side. Although the Gate 27 basin design calls for a flat 
bottom, it is actually about two feet higher from the top of the trench drain on the western 
side of the basin to the lowest point on the eastern side of the basin. Water pools in the 
eastern side of the basin in a large patch of tall grasses, which is approximately one foot 
lower than the surrounding basin. The basin then has a fairly flat bottom that slopes 
gently upwards about a foot to the western end of the basin (Please see figure 2.6). The 
MassDEP design guidelines specify that an infiltration basin must have a flat bottom, and 
the inlet should be placed to maximize the flow path to the outlet. Flow results showed 
that most of the infiltration occurred at the start of the storm before the stormwater 
reached the trench drain. When water enters the basin, it flows towards the eastern side of 
the basin. Stormwater continues to flow to a lower elevation until it reaches the top of the 
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trench drain, when stormwater then rapidly exits the basin. Stormwater that already 
infiltrated from the basin can also enter through the sides and bottom of the trench drain. 
The trench drain is 2-feet deep, 2-feet wide, and 22-feet long. While the elevation 
differences initially guided the stormwater to the eastern side of the basin first, once the 
elevation of stormwater reaches the middle of the basin, the stormwater entering the basin 
can now travel a shorter path to the outlet. The Gate 27 BMP setup does encourage 
infiltration by extending the time in which the stormwater reaches the outlet drain. 
However, stormwater remains pooled in the eastern side of the basin weeks after a storm 
event. This suggests that that area of the basin barely infiltrates water. Furthermore, the 
groundwater table below the basin was far enough from the basin bottom to infer that the 
subsurface does not become full with groundwater. Suspended sediment could have built 
up and compacted to prevent infiltration. 
One of the major elements in biofiltration basin design is the vegetation combined 
with the filter media. The filter media is meant to remove contaminants from the 
stormwater by filtration, sorption, and biological uptake from the plantings. The Gate 27 
vegetation survived the wet and dry periods, and appeared healthy. Chapter 2 of this 
report said: “With regards to filter media depth, MassDEP specifies 2 to 4 feet with 
minimums of 30 inches if designed for nitrogen removal and 3 feet if shrubs and trees are 
planted.” The trench drain with the outlet pipe is immediately below the basin bottom on 
the western side of the basin. Therefore, when stormwater exits through the trench and 
outlet pipe, it does not pass through the filter media unless it enters through the sides or 
bottom of the trench. Even then, the trench drain bottom is 2-feet deep. Since the outlet 
drain is in the western side of the basin, the infiltrating stormwater from the basin would 
mostly enter the western side of the trench. The flows results for the monitored storms 
and the fact that the stormwater accumulates above the trench drain, developing a head 
argue that most of the stormwater enters through the top of the drain. The trench drain 
consisted of washed stone and a perforated pipe, which does not provide much treatment 
apart from filtering out suspended sediment. According to the MassDEP Stormwater 
Handbook, the drainage layer underlies the filter media, and when the water in the basin 
reaches a certain height, an overflow drain transports it to the underdrain. The example 
figure in the Handbook shows the overflow drain running down one edge of the basin to 
!J. Tupper  Chapter 4 (Results)  92 
the underdrain. MassDEP suggests designing for 6 to 8 inches of ponding depth, but did 
not elaborate on why. With the fact that MA regulations require a BMP to drain within 72 
hours of a storm event, longer stormwater holding times in the basin encourages more 
infiltration. Furthermore, the large distance between the basin bottom and the water table 
allowed for more subsurface space for infiltration and a longer distance for treatment by 
the soil media. 
 
4.1.2 Groundwater Flow 
A set of seven groundwater monitoring wells were installed at the Gate 27 access 
to the Wachusett Reservoir in 2014, and they helped provide information on the 
groundwater flow at the site. The depth to water in each well was routinely measured. 
The calculated groundwater elevations from water depth measurements are analyzed in 
three ways, each in a separate subsection. In the first section, a topographic profile of the 
Gate 27 site shows the connection between the BMP, monitoring wells, and Reservoir. In 
the next section, the four months of groundwater elevation data for each well is presented 
and any changes from storm events is discussed. Lastly, the 2014 data is compared to 
1989 groundwater contours for the site to estimate the direction of groundwater flow at 
the site in 2014.  
 
4.1.2.1 Topographic Profile 
Figure 4.9 shows the developed topographic profile for the Gate 27 site. This 
drawing emphasizes the connection between the groundwater elevation at wells 4 and 
water elevation in the reservoir. The lowest basin bottom elevations were included as a 
dashed line. The results from the stormwater runoff section showed that water would 
remain in the basin after a storm event, even a week later. Given the probable distance 
between the basin and the groundwater table based on the groundwater elevation at well 
1, the water table is likely not saturated. The 1989 groundwater contours also indicated 
around 10 feet of separation between the groundwater table and the part of the basin 
where water also pools.  
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!
Figure 4.9 – Profile view of the Gate 27 access to the Wachusett Reservoir 
 
4.1.2.2 Response to Storm Events 
Comparing the water elevations in each well to rainfall amounts can show how 
the groundwater table responds to storm events at these locations. Four plots are 
presented in this section, each corresponding to a well (1-4). For each plot, the 
groundwater elevations at each well are plotted with the daily rainfall amounts 
(methodology section 3.3.1.3). For this analysis, a dry weather sample is defined as one 
collected when less than one inch of rainfall occurred in the area the week prior (and a 
wet weather sample greater than one inch). 
Figure 4.10 plots this information for well 1. Well 1 is 40-feet deep and located 
upstream of the basin. Well 1 serves as a baseline or a point of comparison for wells 2 
and 3 downstream of the basin to determine any effects from the basin on the 
groundwater elevations. The groundwater elevations show a fairly linear downward trend 
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from the timespan of July to November 2014, which results in a 4-foot difference 
between the initial and final measurements. The groundwater elevations jump abruptly in 
two locations subsequent to a storm event: 7/16/14 and 10/24/14. In both cases, a 
measurement was taken within 24 hours prior to the start of the storm and also within 24 
hours following the end of the storm. The groundwater elevations the day following the 
storm rose by approximately 0.3 feet in both cases. Both storms produced at least 3 
inches of rainfall. Two days after the July storm, 7/17, the groundwater elevation in well 
1 was still above the 7/15 level by 0.15 feet. The next measurement taken after 10/24 was 
3 days later on 10/27, and by then the groundwater elevation in well 1 returned to the pre-
storm level. For another storm in October, 10/16, well depths were also taken right before 
and after the storm, but the readings show no change in water level. Of note, a rain event 
that resulted in 1 to 1.5 inches of rainfall preceded the 7/15 and 10/22 storms by 10 and 5 
days prior, respectively. The groundwater elevation in well 1 following the largest storm 
in August of 1.78 inches, 8/13, did not increase, but the closest reading before the storm 
was taken a week sooner. 
 
!
Figure 4.10 – Well 1 groundwater elevations and local rainfall data 
!J. Tupper  Chapter 4 (Results)  95 
 The next plot, figure 4.11, includes groundwater elevations for wells 2A and 2B; 
these wells are located downstream of the basin adjacent to the outlet pipe. Well 2A is 
about 13 feet deep, and well 2B is about 17.5 feet deep. Similar to well 1, the overall 
groundwater elevations of both wells 2A and 2B decrease from the beginning of July to 
November. Well 2A dropped by approximately 1 foot and 2B by approximately 3 feet; 
however, well 2B started at about 3 feet higher groundwater elevation than well 2A. The 
general trend of the groundwater elevations is clearly not as linear or stable as those of 
well 1. The water level in well 2B is predominantly higher than well 2A by 0.5 feet, on 
average. Well 2A is a few feet north of well 2B, and closer to the basin. Both wells show 
increases in groundwater elevations subsequent to major storms on 7/15, 8/13, 10/16, and 
10/22/14. Furthermore, the groundwater elevations took more than a few days following 
the storm to return to pre-storm levels. The largest increases corresponded to the 7/15 and 
10/22 storm events. Well 2A rose by approximately 2 feet from 10/22 to 10/24 and well 
2B, 1.5 feet. Well 2A rose by approximately 4 feet from 7/15 to 7/16, about double the 
rise in well 2B of 2 feet. The rainfall amount for the 10/22 storm was 3 inches, but the 
rainfall amount for the 7/15 storm was over 3 inches. This could also be explained by the 
time frame that the measurements were taken. The 7/15 water levels were measured in 
the morning, and the storm took place from the afternoon of 7/15 to the morning of 7/16 
at around 1:00 AM. The 7/16 water level measurements were taken at 9:30 AM that 
morning. The 10/22 water levels were measured around noontime, and the storm took 
place from the afternoon of 10/22 to the morning of 10/24 at around 7:00 AM. The 10/24 
water level measurements were taken at around noontime. While to storm ended on the 
morning of 10/24, over 90% of the rainfall occurred by the morning of 10/23. Therefore, 
the water level measurements were taken very close to the conclusion of the 7/15 storm 
(less than 10 hours), whereas the 10/22 storm measurements were taken at least 24 hours 
after over 90% of the rainfall of the storm occurred. Lastly, most noticeably with the 
groundwater elevation changes, the water level in well 2A increases 4 feet from the 8/25 
measurement to the 9/5 measurement whereas these measurements do not change in well 
2B. 
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Figure 4.11 – Wells 2A and 2B groundwater elevations and local rainfall data 
 
 Figure 4.12 shows groundwater elevations for wells 3A and 3B, plotted along 
with rainfall totals. Wells 3A and 3B are located downstream of the basin, approximately 
75 feet southeast of the top of the basin emergency spillway. Well 3A is about nineteen 
feet deep, and well 3B is about eleven feet deep. Just like wells 1, 2A, and 2B, the 
elevations for both wells 3A and 3B trend downwards over the measured time interval. 
Both drop approximately one foot from the starting to final measurements. Unlike for 
wells 2A and 2B, the groundwater elevations for wells 3A and 3B match almost exactly 
from July to November 2014. The same as in wells 2A and 2B, the groundwater 
elevations increase in both wells 3A and 3B following the major storm events on 7/15, 
8/13, 10/16, and 10/22; and they do not drop down to pre-storm levels within a few days. 
Moreover, the groundwater elevations increase the most following the 7/15 and 10/22 
storm events. Following the 7/15 storm, the water level in well 3A increased by 3 feet, 
and the water level in well 3B increased by 2.5 feet. Both well water levels increased by 
approximately 2 feet following the 10/22 storm. 
!J. Tupper  Chapter 4 (Results)  97 
!
Figure 4.12 – Wells 3A and 3B groundwater elevations and local rainfall data 
 
 Figure 4.13 shows the groundwater elevations for the final two wells, wells 4A 
and 4B. These wells are located approximately 50 feet north of the Wachusett Reservoir. 
Well 4A is about five and a half feet deep, and well 4B is about 10 feet deep. The 
groundwater elevations for both wells hover below an elevation of 384 feet, and do not 
show a discernable decrease from July to November 2014. Well 4A almost always has a 
higher groundwater elevation than well 4B, and there is a consistent 0.3- to 0.4-foot 
difference in groundwater elevation between the two wells. Again, the groundwater 
elevations jump most noticeably after the 7/15 and 10/22 storms. On 7/16, well 4A 
increases by approximately 1 foot, and well 4B increases by about 0.5-feet. After the 
10/22 storm event, well 4A increases approximately 1.5 feet, and well 4B increases 
approximately 1 foot. Wells 4A and 4B are approximately 230 feet southeast of the basin 
and are probably more influenced by the water level in the reservoir. These groundwater 
elevation increases also occur in well 1, which is located upstream of the basin. 
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Infiltrating stormwater in general could account for these changes, especially in wells 4A 
since it is the most shallow of the 7 wells: 5 feet from the ground. 
 
!
Figure 4.13 – Wells 4A and 4B groundwater elevations and local rainfall data !
4.1.2.3 Contour Estimates 
The groundwater elevations at wells 1-5 in 2014 were compared to the 1989 
groundwater contours in figure 4.14 to see if there was any change in the 25-year time 
span. The groundwater table elevation at well 5 on the 1989 plan was 391.52 feet. The 
water depth in well 5 was measured 7 times between 7/28 and 10/27/14. The groundwater 
table elevation ranged from 390.33 to 391.45 feet, with an average around 391 feet. This 
matched reasonably well with the 1989 elevation. The 1989 plans did not specify if the 
groundwater elevation measured at the observation wells was an average or a one-time-
measurement value. As previously shown in figure 4.12 in section 4.1.2.2, the water 
elevations in wells 3A and 3B were almost exactly the same. The average groundwater 
elevation for both wells combined was approximately 392.5 feet, which is spot on with 
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the 1989 calculated groundwater contours. The combined average groundwater elevation 
for wells 2 did not match perfectly with the 1989 groundwater contours, but it was less 
than one foot off. The similarity of the 2014 groundwater well elevations to the 1989 
groundwater contours means that the 1989 groundwater contours are likely still valid for 
the 2014 groundwater flow.  
The groundwater contours suggest that infiltrating stormwater from the basin 
flows towards wells 2 and 3. The groundwater elevations in wells 2 and 3 were presented 
in the previous section. The figures showed that the groundwater elevations in wells 2 
were always higher than in wells 3. Wells 2 and 3 also had similar trends for different 
seasons and conditions. Groundwater elevations were generally higher in the summer 
than the fall, and increased by similar amounts during wet weather conditions. Therefore, 
the direction of the groundwater contours did not change based on season or conditions. 
A key design element in an infiltration basin is the distance between the basin 
bottom and the groundwater table. The basin bottom elevation for the eastern half of the 
basin ranged from 404.5 to 406 feet, 9 to 12 feet above the 1989 groundwater table. The 
basin bottom moving toward the western side of the basin was around 406.5 feet, only 6.5 
feet above the 1989 groundwater table. The MassDEP Stormwater Handbook advises a 
12-foot separation between the seasonal high groundwater table and the ground elevation. 
A larger distance provides more treatment for the stormwater, because it increases the 
amount of soil that the stormwater contacts. A larger distance also provides more room 
for stormwater to infiltrate before the vadose zone is saturated.  
Overall, the 1989 groundwater contours are a valid reference for groundwater 
flow in 2014. These groundwater contours show that groundwater under the eastern side 
of the basin flows towards wells 3 and groundwater under the western side of the basin 
flows towards wells 2. They also help estimate distances between the groundwater table 
and the bottom of the biofiltration basin. The distance between the basin bottom and the 
1989 groundwater contours decreases from the eastern side of the basin to the western 
side of the basin. Shorter distances limit the treatment of infiltrating stormwater before it 
reaches the groundwater table.    
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Figure 4.14 – Groundwater table elevation contours at the Gate 27 site 
 
4.2 Water Quality 
Over 200 total water samples were collected at the Gate 27 site, and these samples 
were analyzed for multiple contaminants and other water quality parameters. The data for 
the surface water samples is presented in the first section (4.2.1), and the changes in 
stormwater quality throughout the basin for two storm events in particular are discussed. 
The data for the groundwater samples is presented in the second section (4.2.2), and any 
observations and trends in the data are discussed. The results are discussed in the third 
section (4.2.3). 
 
4.2.1 Surface Water Quality 
With the surface water quality results, the specific changes in stormwater quality 
throughout the storm and the transformations of the stormwater throughout the basin are 
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of interest. To illustrate this, two storm events are detailed. The first occurred on October 
16th, 2014, and is referred to as the October storm. The most stormwater samples were 
collected and laboratory analyses performed for this storm. The second storm occurred on 
August 13th, 2014, and is referred to as the August storm. For each storm, three types of 
plots are included: (1) the inflow and outflow hydrograph, (2) the specific conductance 
measurements from the inflow and outflow, and (3) multiple plots of different constituent 
concentrations from the inflow, basin, and outflow. Whereas some of the specific 
conductance data is a continuous record throughout the storm events, the contaminant 
concentrations measured in the collected samples represent snapshots of stormwater 
quality. These plots are first discussed, and then lined up one above the other to more 
easily compare. Each plot uses the same timescale for each storm. A complete set of all 
of the surface water quality data is provided in Appendix B. Lastly, the total contaminant 
loadings for each storm are presented in this section.  
The general water quality results are in table 4.3; the ranges of contaminant 
concentrations and other water quality parameters for the inflow, outflow, and basin are 
listed. Calcium, chloride, dissolved organic carbon, dissolved oxygen, inorganic carbon, 
nitrite, total suspended solids, and turbidity were noticeably lower in the outflow than the 
inflow samples. Nitrate and phosphate were noticeably higher in the outflow than the 
inflow samples. The rest of the water quality parameters were very similar in the inflow, 
basin, and outflow. While these ranges provide some understanding of BMP 
performance, what really matters is how the water quality compares as the stormwater 
passes through the BMP, from upstream to downstream. 
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Table 4.3 – Ranges of water quality parameters for the October and August storms 
Parameter 
Range 
In Out Basin 
Dissolved Oxygen (mg/L) 8.8 – 11 6.8 – 8.4 – 
Temperature (°C) 18.2 – 22.8 17.6 – 21.5 16.2 – 30 
Specific Conductance (µS/cm) 2 – 302 16 – 90 21 – 57 
pH 5.7 – 6.6 6.1 – 6.6 6.1 – 6.7 
Alkalinity (mg/L as CaCO3) 2 – 16 3 – 9 6 – 9 
Bromide (ppm) BDL – 0.03 BDL BDL – 0.04 
Fluoride (ppm) BDL – 0.07 0.01 – 0.02 0.01 – 0.02 
Chloride (ppm) 1 – 25 2 – 16 3 – 11 
Nitrite (ppm) BDL – 0.2 BDL BDL 
Nitrate (ppm) BDL – 1.7 BDL – 4.3 BDL – 0.7 
Phosphate (ppm) BDL – 0.04 BDL – 0.15 0.1 – 0.2 
Sulfate (ppm) 0.2 – 7 0.8 – 3.1 1.3 – 3.6 
Calcium (ppm) 2 – 20 2 – 8 2.4 – 3.4 
Iron (ppm) 0.07 – 0.3 0.08 – 0.2 0.1 – 0.3 
Magnesium (ppm) 0.3 – 1.2 0.3 – 1.2 0.63 – 1.2 
Manganese (ppm) BDL – 0.05 0.01 – 0.03 0.02 – 0.03 
Potassium (ppm) 0.2 – 3 1.2 – 1.8 1.8 – 2.6 
Sodium (ppm) 1 – 15 2 – 10 2.8 – 8.4 
Ammonia (ppm) 0.1 – 0.7 0.14 – 0.4 0.2 – 0.3 
Total Phosphorus (ppm) BDL – 0.6 BDL – 0.5 BDL – 0.3 
Inorganic Carbon (mg/L as CO2) 4 – 19.4 7 – 13.2 12.6 – 18.7 
Dissolved Organic Carbon (mg/L) 2.2 – 27 5.1 – 6 6 
E. coli (MPN/100 mL) 135 – 24,000 
2,500 – 
24,000 
7,270 – 
9,804 
Total Suspended Solids (mg/L) 10 – 162 1.3 – 20 2.7 
Turbidity (NTU) 5 – 52 2.7 – 15.1 5.4 
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4.2.1.1 October Storm 
Figure 4.15 includes the inflow and outflow hydrographs for the October storm, 
followed by a plot of stormwater specific conductance values. Specific conductance 
values were higher in first flush inflow samples, but were consistently around 15 µS/cm 
for the rest of the inflow. The highest specific conductance values can be attributed to the 
water in the outlet weir bin before the outflow started at 1 PM. After an hour, the specific 
conductance values at the outflow were steady and slightly higher than inflow values. 
Specific conductance is an indirect measure of the dissolved ions in water, so this plot 
also provides insight into the trends of contaminants such as calcium and sulfate. 
 
 
!
Figure 4.15 – October storm hydrograph and stormwater specific conductance 
values 
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Plots of sodium concentrations, pH values, and total suspended solids 
concentrations in the inflow, basin, and outflow samples are given as figure 4.16. Sodium 
concentrations followed the same trends as specific conductance. pH values were 
consistently between 6 and 6.5 for almost all samples. The sudden drop in pH at 2 PM in 
the outflow is most likely due to the flushing of the weir bin, previously seen in the 
specific conductance values. For TSS, the first large inflow reached 160 mg/L, but as the 
storm progressed the inflows concentrations were between 10 and 50 mg/L. The outflow 
concentrations were consistently below 3 mg/L. 
Figure 4.17 includes plots of the nutrients nitrogen and phosphorus in the inflow, 
basin, and outflow samples. Most notably, the trends in ammonia and nitrate 
concentrations match with the specific conductance values: higher in the inflow first flush 
samples and steady in the outflow. Phosphorus was not detected in many of the samples. 
The total phosphorus concentrations were very variable in both the inflow and outflow 
samples, with no obvious trends. 
The next and last figure for the October storm (figure 4.18) includes plots of E. 
coli, dissolved organic carbon, and total inorganic carbon, respectively. E. coli 
concentrations were directly proportional to flowrates, except for one sample; the outflow 
sample just after 8 PM was as high as the 5 PM sample despite an almost non-existent 
outflow. The first flush inflow samples had the highest DOC concentrations (above 20 
mg/L), which were triple the concentration during higher flows at 11 AM. The outflow 
samples were all around a concentration of 5 mg/L.  
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!
Figure 4.16 – October storm stormwater sodium concentrations, pH values, and 
TSS concentrations 
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!
Figure 4.17 – Ammonia, nitrate, and total phosphorus concentrations of stormwater 
samples from the October storm 
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!
Figure 4.18 – E. coli, DOC, and total inorganic carbon concentrations of stormwater 
samples from the October storm 
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In summary, except for E. coli and total phosphorus, the specific conductance 
values and contaminant concentrations were the highest in the first flush samples and 
fairly consistent in the outflow. There was no definitive link between concentrations and 
flow rates. Small transformations of the stormwater were occurring throughout the basin 
during a storm event. The basin samples seemingly represented a mix between inflow and 
outflow, rather than resembling one more than the other.  
Total contaminant loadings were calculated for the October storm based on 
sample concentrations and flow rates at the inflow and outflow. The total culvert inflow 
volume for the October storm was 5,600 cubic feet, and the outflow volume – through the 
infiltration trench – was 3,200 cubic feet. Since the concentrations of contaminants were 
similar in the inflow and outflow samples, the stormwater volume reduction of the BMP 
to the trench drain outlet played a major role in the total load reduction between these two 
locations. A portion of the volume ends up in groundwater, and this portion will carry 
some load with it. Figure 4.19 shows the total loadings for nitrogen and phosphorus 
compounds at the inflow and outflow. The nitrogen loadings were much higher than the 
phosphorus loads. The ammonia load was reduced from 42 to 19 grams, but the nitrate 
load increased from 29 to 35 grams from the inflow to the outflow. This suggests that the 
ammonia and nitrite was converted to nitrate as the stormwater traveled through the BMP 
(denitrification). When the ammonia, nitrite, and nitrate loadings were converted to mass 
of nitrogen, the combined nitrogen load was reduced from 42 to 23 grams.  
Contaminant loadings were also calculated for the dissolved metals and anions, 
which are given in figure 4.20. The fluoride and manganese loadings were very low, and 
therefore not included in the figure. Both were reduced from the inflow to the outflow. 
The fluoride load was 1.1 grams at the inflow and 0.8 grams at the outflow. The 
manganese load was 5 grams at the inflow and 2 grams at the outflow. As shown in 
figure 4.20, calcium, chloride, and sodium had the highest inflow loads, all of which were 
greater than 400 grams. All of these loadings were reduced to less than half of the inflow 
loadings. Notably, the calcium inflow load was reduced from 689 grams to 13 grams at 
the outflow. The iron and magnesium loads were reduced by about half from the inflow 
to the outflow, but the potassium loadings barely changed. Sulfate was reduced from 112 
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to 92 grams. Overall, the BMP successfully reduced the contaminants loadings from the 
inflow to the outflow, but mostly by infiltration to groundwater. 
 
!
Figure 4.19 – October storm nutrient loadings 
 
!
Figure 4.20 – October storm select anion and cation loadings 
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4.2.1.2 August storm 
The August storm inflow and outflow hydrographs are reshown in figure 4.21, 
along with plots of the specific conductance values and TSS concentrations at the inflow, 
outflow, and basin. Specific conductance values at the inflow were under 30 µS/cm 
during the storm, except for the first flush and at 11 AM. The inflow specific 
conductance values were variable when under 30 µS/cm, but were typically lower under 
low flows. The outflow specific conductance values were around 30 µS/cm and typically 
higher than the inflow values. Like the October storm, the inflow samples had 
significantly higher total suspended solids concentrations than the outflow samples. The 
two outflow samples had TSS concentrations under 4 mg/L, whereas the highest inflow 
concentration right after the first flush at 6 AM was 155 mg/L. 
Figure 4.22 includes plots of pH values, sodium concentrations, and chloride 
concentrations in the inflow, basin, and outflow for the August storm. For the information 
collected, the pH was lower in the inflow samples, and the measured pH values dropped 
below 6 at the inflow. The sodium and chloride concentrations matched with the specific 
conductance trends in the inflow and outflow. Both sodium and chloride concentrations 
were similar in magnitude and trends. 
Plots of ammonia, nitrate and total phosphorus concentrations in the inflow, basin, 
and outflow samples are given as figure 4.23. The ammonia concentrations were similar 
in both the inflow and outflow, and there was only a 0.2-ppm difference in the highest 
and lowest values. The highest ammonia concentration was measured in the sample right 
after the first flush at 6 AM. The magnitude of nitrate concentrations was comparable to 
ammonia concentrations. Total phosphorus concentrations were highly variable and 
higher than stormwater samples from the October storm.  
The next figure (4.24) shows E. coli, dissolved organic carbon, and total inorganic 
carbon concentrations of stormwater samples from the August storm. For the samples 
analyzed, all three constituents had higher outflow concentrations than inflow 
concentrations. 
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!
Figure 4.21 – August storm hydrographs, specific conductance values of 
stormwater, and TSS concentrations of stormwater samples 
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!
!
Figure 4.22 – August storm stormwater pH values, sodium concentrations, and 
chloride concentrations 
!J. Tupper  Chapter 4 (Results)  113 
 
 
!
Figure 4.23 – Ammonia, nitrate, and total phosphorus concentrations of stormwater 
samples from the August storm 
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!
Figure 4.24 – E. coli, DOC, and total inorganic carbon concentrations of stormwater 
samples from the August storm 
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Total contaminant loadings were also calculated for the August storm, and the 
results are given in figures 4.25 and 4.26. Figure 4.25 includes the mass loadings for the 
nutrients nitrogen and phosphorus, and figure 4.26 includes the loadings for the dissolved 
cations and anions. For the August storm, the total culvert inflow volume was actually 
greater than the trench drain outflow volume, due to direct precipitation onto the BMP 
surface area. As figure 4.25 shows, the combined nitrogen load was barely reduced; the 
load went from 36 grams at the inflow to 34 grams at the outflow. The phosphate and 
total phosphorus loads increased from the inflow to the outflow. The phosphate load 
increased from 1 gram to 26 grams, and the total phosphorus load from 36 to 40 grams. 
This suggests that the desorption of phosphorus from sediments to dissolved phosphate 
took place as the stormwater traveled to the outflow trench drain. The total phosphorus 
inflow and outflow loadings for the August storm were about 30 grams larger than the 
October storm, but the nitrogen inflow loadings were both around 30 to 40 grams.  
For figure 4.26, the magnesium, potassium, sodium, and sulfate loadings 
increased from the inflow to the outflow, and the iron loads were the same. The inflow 
loadings for these contaminants are less than the October storm, but within thirty percent 
of the October storm loadings. The calcium and chloride loadings were reduced from the 
inflow to the outflow, but the outflow loads were still greater than 400 grams for calcium 
and 700 grams for chloride. The total calcium inflow load was approximately 100 grams 
less than the October storm load, and the total chloride inflow load for the August storm 
was double that of the October storm. The fluoride and manganese loadings were low, 
just like in the October storm. The fluoride load increased from 2 grams at the inflow to 3 
grams at the outflow, and the manganese load decreased from 4 grams at the inflow to 2 
grams at the outflow. The total contaminant loadings for the August storm reinforce the 
importance of volume reduction to the trench drain in BMP performance. 
Mass loadings take into account both the concentrations of contaminants and the 
stormwater volumes. The results indicated some reduction in contaminants from the 
inflow to the outflow. Both the August and October storms had similar inflow volumes. 
The stormwater quantity data showed that the inflow volume for the October storm was 
split between the trench drain and infiltration to groundwater, whereas a small amount of 
the inflow volume went to groundwater during the August storm. This can be seen in the 
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loadings for the two storm events. While the loadings were similar between the inlet and 
outlet for the August storm, the outlet contaminant loads were significantly less for the 
October storm. This is because a large portion of the inlet loadings went to groundwater 
during the October storm as opposed to the August storm. The outlet trench drain – made 
up of stone – is not effective at removing dissolved contaminants from stormwater. 
!
Figure 4.25 – August storm nutrient loadings 
!
Figure 4.26 – August storm select anion and cation loadings 
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4.2.2 Groundwater Quality 
Groundwater samples were collected from a set of seven monitoring wells at the 
Gate 27 access to the Wachusett Reservoir. These wells were installed during the last 
week of May 2014, and samples were collected from 7/1/14 to 11/5/14. All samples were 
analyzed for a number of contaminants and other water quality parameters. This section 
presents the results and identifies any observations and trends.  
The goal of this section is to assess the changes in groundwater quality 
downstream of the basin after a storm event. Both dry and wet weather samples were 
collected. For this analysis, a dry weather sample is defined as one collected when less 
than one inch of rainfall occurred at the site the week prior (and a wet weather sample 
greater than one inch). Well 1, located upstream of the BMP, was meant to provide 
background measurements. Wells 2 and 3 are just downstream of the basin, while wells 4 
are down by the reservoir (section 3.1). Wells 2, 3, and 4 each represent two wells within 
a few feet of one another, but these two wells have different sampling depths. Each of the 
two wells in the same area was given a letter – A or B – after the number. To more easily 
analyze the groundwater water quality information in this section, the nomenclature of 
the wells were changed. Instead of the letters A or B after the well numbers, an S was 
used for the shallower of the two wells and a D was used for the deeper of the two wells.   
  The ranges of each water quality parameter that samples were analyzed for are 
listed in table 4.4, with the first column for all of the groundwater data, the second for the 
surface water data, and the third for samples from the Wachusett Reservoir. The surface 
water data includes a combination of the inflow, basin, and outflow samples from the 
October and August storms (section 4.2.1). The biggest difference between groundwater 
and surface water samples was observed in the specific conductance values; the average 
groundwater value was significantly larger than the typical surface water value. The 
larger specific conductance values groundwater than surface water samples is also 
reflected by higher groundwater concentrations for most of the measured ions, 
specifically: chloride, nitrate, sulfate, calcium, magnesium, and sodium. The water 
quality parameters are divided into different categories (anions, cations, nutrients, etc.) 
and discussed in the following subsections. All of the groundwater quality data is given 
in Appendix C. 
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Table 4.4 – Ranges of water quality parameters for all groundwater samples and 
some surface water samples 
Parameter GW Ranges SW Ranges WR Ranges 
Dissolved Oxygen (mg/L) 3 – 13 7 – 11 7 – 14 
Temperature (°C) 2 – 22 16 – 30 11 – 29 
Specific Conductance (µS/cm) 28 – 1538 2 – 302 106 – 395 
pH 5.7 – 8 5.7 – 6.7 6.2 – 7.3 
Alkalinity (mg/L as CaCO3) 4 – 254 2 – 16 7 – 10 
Bromide (ppm) BDL – 0.2 BDL – 0.04 BDL – 0.04 
Fluoride (ppm) 0.02 – 0.25 BDL – 0.07 BDL – 0.05 
Chloride (ppm) 26 – 451 1 – 25 BDL – 150 
Nitrite (ppm) BDL – 2 BDL – 0.2 BDL 
Nitrate (ppm) 0.4 – 54 BDL – 4.3 0.05 – 3.7 
Phosphate (ppm) BDL – 0.04 BDL – 0.2 BDL 
Sulfate (ppm) 7 – 39 0.2 – 7 6 – 11 
Calcium (ppm) 2 – 124 2 – 20 11 – 25 
Iron (ppm) 0 – 0.42 0.07 – 0.3 0.02 – 0.16 
Magnesium (ppm) 0.3 – 26 0.3 – 1.2 1.1 – 2.3 
Manganese (ppm) BDL – 2.2 BDL – 0.05 BDL – 0.05 
Potassium (ppm) 0.5 – 9.6 0.2 – 3 0.9 – 3.2 
Sodium (ppm) 28 – 258 1 – 15 17 – 86 
Ammonia (ppm) BDL – 0.8 0.1 – 0.7 BDL – 0.1 
Total Phosphorus (ppm) BDL – 0.4 BDL – 0.6 BDL 
Inorganic Carbon (mg/L as CO2) 1.6 – 87 4 – 19.4 8 – 14 
Dissolved Organic Carbon (mg/L) 0.2 – 5.7 2.2 – 27 0.5 – 3.8 
E. coli (MPN/100 mL) BDL – 6.2 135 – 24,000 BDL – 20 
Total Suspended Solids (mg/L) – 1.3 – 162 – 
Turbidity (NTU) – 3 – 52 3.8 
 
!J. Tupper  Chapter 4 (Results)  119 
4.2.2.1 Specific Conductance 
Specific conductance is a measure of the ability of water to carry an electrical 
current, and it increases with an increasing amount of dissolved solids in the water. The 
specific conductance values for groundwater samples from wells 2S and 2D are plotted in 
figure 4.27. The wet weather samples from well 2S after the largest storms in July and 
October show a noticeable decrease in specific conductance compared to dry weather 
samples. The July sample was taken 3 days after the storm event. The largest drops in 
specific conductance after the October 16th and 23rd storms were in the samples collected 
6 and 4 days afterwards, respectively. The wet weather samples collected in August from 
both wells 2S and 2D had specific conductance values around 100 µS/cm higher than 
those of typical dry weather values.  
The specific conductance values for groundwater samples from wells 1, 3D, and 
3S are plotted in figure 4.28. The wet weather samples in these wells do not show the 
same trends as the wet weather samples from well 2S. All of the samples collected in 
October from wells 1, 2D, 3D, and 3S do show a similar pattern. The specific 
conductance values of the wet weather samples after the storm on the 16th but before the 
22nd-23rd storm are lower than the values of the dry weather samples from the 15th. Then, 
the specific conductance values of the 10/27 samples increase to a value similar to or 
higher than the values of the 10/15 samples. This decrease is typically around 100 µS/cm 
except for well 3D, where the drop is around 300 µS/cm.  
 
 
!J. Tupper  Chapter 4 (Results)  120 
!
Figure 4.27 – Local rainfall data and specific conductance values of samples from 
wells 2S and 2D 
 
!
Figure 4.28 – Local rainfall data and specific conductance values of samples from 
wells 1, 3D, and 3S 
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 Almost all stormwater runoff samples had specific conductance values less than 
40 µS/cm, whereas all but a few groundwater specific conductance values dropped below 
300 µS/cm. The results from wells 1, 2, and 3 suggest that the infiltrating stormwater 
from the basin reaches well 2A several days after a large storm event and actually 
reduced the groundwater specific conductance values.  
Figure 4.29 shows the specific conductance values of groundwater samples collected 
from wells 4S and 4D and samples from the Wachusett Reservoir. The specific 
conductance values were highly variable in samples from both wells. The sampling port 
of well 4D is below the bottom elevation of the reservoir, and therefore samples from the 
well provided information on the water quality entering the reservoir as baseflow. The 
sampling port of well 4S is at approximately the same elevation as the water level in the 
reservoir when measured during the fall of 2014. This suggests that the water level of the 
reservoir in this cove could impact the water quality of samples from well 4S. While the 
specific conductance values of the well 4 samples did not exactly match the collected 
reservoir samples, the connection between the wells and the reservoir could explain the 
variable specific conductance values in wells 4S and 4D.  
!
Figure 4.29 – Local rainfall data and specific conductance values of samples from 
wells 4S, 4D, and the Wachusett Reservoir 
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4.2.2.2 Anions 
Groundwater samples were tested for the following six anions: bromide, chloride, 
fluoride, nitrate, phosphate, and sulfate. Nitrate and phosphate are discussed in a 
subsequent section. Bromide and fluoride were detected in groundwater samples in low 
concentrations; the average concentration of either constituent was less than 0.1 ppm. 
Both the bromide and fluoride concentrations were consistent for all seven wells during 
dry and wet weather conditions.  
Of all the constituents measured in the groundwater samples, chloride 
concentrations were by far the highest, and only comparable to sodium concentrations. 
Chloride concentrations of groundwater samples from wells 2S and 2D are presented in 
figure 4.30 along with daily rainfall totals. The wet weather samples from well 2S show 
similar trends in chloride concentrations as the specific conductance values (figure 4.27). 
Wet weather samples from well 2S after the largest storms in July and October show a 
significant decrease in the concentration of chloride. Also, the chloride concentrations in 
the wet weather samples from both wells 2S and 2D increased after the largest storm in 
August. Unlike the specific conductance values, the first two wet weather samples after 
the October 16th storm were higher in chloride than the dry weather sample collected on 
the 15th. Although, the concentrations in these two samples were less than previous dry 
weather samples collected in July, August, and September. 
The chloride concentrations of groundwater samples collected from wells 1, 3D, 
and 3S are shown in figure 4.31. For all three wells, the chloride concentrations were 
fairly consistent, especially in October samples. Also of note, the samples from well 1 
had significantly lower chloride concentrations than samples from wells 2 and 3. The 
chloride concentrations of groundwater samples from well 4 were just as high as those 
from wells 2 and 3. 
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!
Figure 4.30 – Local rainfall data and chloride concentrations of samples from wells 
2S and 2D 
 
!
Figure 4.31 – Local rainfall data and chloride concentrations of samples from wells 
1, 3D, and 3S 
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Sulfate concentrations were noticeably consistent in wells 1, 2D, 3D, and 3S, but 
not 2S. Figure 4.32 shows the measured sulfate concentrations in the groundwater 
samples from wells 2S and 2D. The chloride concentrations and specific conductance 
values were much lower than dry weather samples in the wet weather samples collected 
on 7/18, 10/22, and 10/27/14. In these samples, the sulfate concentrations were higher 
than the surrounding dry weather samples. However, the average sulfate concentration of 
the stormwater samples was less than 2 ppm, which is much less than the range of sulfate 
concentrations in the groundwater samples.  
The sulfate concentrations of groundwater samples from wells 4 were variable, 
but they were similar in magnitude to the sulfate concentrations of samples from wells 2 
and 3. Also of note, sulfate concentrations of groundwater samples from well 1 – 
typically around 27 ppm – were much higher than the six other groundwater wells.  
 
!
Figure 4.32 – Local rainfall data and sulfate concentrations of samples from wells 2S 
and 2D 
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4.2.2.3 Cations 
Groundwater samples were tested for the following six cations: calcium, iron, 
potassium, magnesium, manganese, and sodium. Iron and manganese were present in the 
groundwater samples at the lowest concentrations; the average concentration of either 
constituent was less than 0.1 ppm. Furthermore, these concentrations for iron and 
manganese were similar to those in stormwater samples. There were no notable changes 
in iron or manganese concentrations between dry and wet weather samples for all seven 
monitoring wells. 
Overall, the potassium and magnesium concentrations were very constant in 
groundwater samples from all seven monitoring wells, except for three wet weather 
samples from well 2S: 7/18, 10/22, and 10/27/14. In these samples, both the potassium 
and magnesium concentrations dropped, and these are the same samples that had the 
lowest specific conductance values and chloride concentrations. Groundwater potassium 
and magnesium concentrations were higher than typical surface water concentrations.  
Groundwater calcium concentrations in the samples collected from wells 2S and 
2D are plotted in figure 4.33 along with rainfall information. This figure reiterates the 
trends found in well 2S with other ions: a large drop in concentrations following the mid-
July storm and the two major October storms. This was not found in wells 1, 2D, or 3 
(figure 4.31). As seen in figure 4.34, calcium concentrations dropped slightly in well 3D 
following the October 16th storm event, rose considerably following the October 22nd 
storm event, and then dropped back down in the November sample. Stormwater 
concentrations of calcium averaged 7 ppm, much less than groundwater concentrations. 
The groundwater calcium concentrations in the samples collected from wells 4S 
and 4D are plotted in figure 4.35. Calcium concentrations were significantly lower in 
wells 4 than the six other monitoring wells.!
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!
Figure 4.33 – Local rainfall data and calcium concentrations of samples from wells 
2S and 2D 
 
!
Figure 4.34 – Local rainfall data and calcium concentrations of samples from wells 
1, 3D, and 3S 
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!
Figure 4.35 – Local rainfall data and calcium concentrations of samples from wells 
4S and 4D 
 
The trends in sodium concentrations in wells 1, 2, and 3 match very closely with 
the trends in chloride concentrations for the same wells (chloride concentrations were 
shown in figures 4.30 and 4.31). However, groundwater chloride concentrations were 
around double sodium concentrations in the collected samples from all seven monitoring 
wells. 
 
4.2.2.4 Dissolved Oxygen 
The dissolved oxygen concentrations of groundwater samples collected from 
wells 2 are plotted in figure 4.36 and from wells 1 and 3 in figure 4.37. While the DO 
concentrations were variable in these wells, most groundwater samples had 
concentrations between 4 and 6 mg/L. Surface water samples on the other hand did not 
drop below 7 mg/L and were as high as 11 mg/L. There were not any definitive trends in 
dissolved oxygen for dry versus wet weather samples. 
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!
Figure 4.36 – Local rainfall data and dissolved oxygen concentrations of samples 
from wells 2S and 2D 
!
Figure 4.37 – Local rainfall data and dissolved oxygen concentrations of samples 
from wells 3D, 3S, and 1 !
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Figure 4.38 shows the dissolved oxygen concentrations of groundwater samples 
collected from wells 4S and 4D and samples from the Wachusett Reservoir. The 
dissolved oxygen concentrations in samples from wells 4 were typically higher than the 
concentrations measured in samples from the six other monitoring wells. 
!
Figure 4.38 – Local rainfall data and dissolved oxygen concentrations of samples 
from wells 4S, 4D, and the Wachusett Reservoir !
4.2.2.5 Nutrients 
Nitrogen was measured in the water samples in the form of ammonia, nitrite, and 
nitrate. Ammonia concentrations in the groundwater samples were negligible compared 
to nitrate concentrations. While ammonia concentrations in did not exceed 0.8 ppm in 
any of the seven monitoring wells, the nitrate concentrations reached as high as 50 ppm 
in some samples. Nitrite concentrations were also low, and nitrite was mostly detected in 
samples from wells 3D and 3S in September and October. Figure 4.39 shows the 
groundwater ammonia concentrations from wells 2, and figure 4.40 shows the ammonia 
concentrations in wells 1 and 3. Ammonia concentrations were higher in the summer, but 
were similar between dry and wet weather conditions. 
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!
Figure 4.39 – Local rainfall data and ammonia concentrations of samples from wells 
2S and 2D 
 
!
Figure 4.40 – Local rainfall data and ammonia concentrations of samples from wells 
3D, 3S, and 1 
!J. Tupper  Chapter 4 (Results)  131 
The measured nitrate concentrations in groundwater samples from wells 2 are 
plotted in figure 4.41, and from wells 1 and 3 are plotted in figure 4.42. As figure 4.42 
shows, there was minimal variation in nitrate concentrations for wells 1 and 3, and the 
nitrate concentrations were similar to each other in all three wells. These nitrate 
concentrations were also similar to those measured in samples from wells 4. For wells 2S 
and 2D, the nitrate concentrations were the highest measured, but the nitrate 
concentrations in well 2D were close to double the nitrate concentrations in well 2S. The 
wet weather samples collected on 7/18, 10/22, and 10/27/14 from well 2S are 
substantially lower than all of the other samples collected from that well, as seen 
previously for other ions. These results suggest that the infiltrating stormwater from the 
basin reaches well 2S several days after a large storm event and actually reduces the 
groundwater nitrate concentrations. Unlike ammonia and nitrite, nitrate concentrations 
are significantly higher in groundwater samples than surface water samples. 
The groundwater nitrate concentrations of samples from wells 4 are shown in 
figure 4.43. The nitrate concentrations in the well 4 samples were very similar to the 
nitrate concentrations in the samples from wells 1 and 3. The Wachusett Reservoir 
samples had much lower nitrate concentrations than groundwater samples; reservoir 
nitrate concentrations did not exceed 4 ppm in the collected samples. 
Groundwater sampling results revealed that background concentrations in 
groundwater were relatively high in nitrogen. Nitrate-nitrogen concentrations in the 
groundwater samples ranged from 0.6 to 12.3 mg/L. Only six of the seventy-seven 
groundwater well samples had a nitrate-nitrogen concentration less than 2.2 mg/L. Nitrate 
occurs naturally in groundwater. However, the EPA cites that nitrate-nitrogen 
concentrations greater than 1 mg/L indicate human activity, whereas concentrations 
greater than 3 mg/L indicate contamination. The EPA estimates that 951 square miles of 
Massachusetts, or 12% of the state area, contains groundwater with nitrate-nitrogen 
concentrations exceeding 5 mg/L nitrate-nitrogen (U.S. EPA 2015). Given the lack of 
substantial nitrogen sources from the surface, the high concentrations of nitrogen in 
groundwater could be the result of underground septic systems. 
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!
Figure 4.41 – Local rainfall data and nitrate concentrations of samples from wells 
2S and 2D 
 
!
Figure 4.42 – Local rainfall data and nitrate concentrations of samples from wells 1, 
3D, and 3S 
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!
Figure 4.43 – Local rainfall data and nitrate concentrations of samples from wells 
4S and 4D 
Groundwater samples were measured for total phosphorus and phosphate. 
Phosphate was detected in only one groundwater sample: a wet weather sample from well 
2S after the major storm in July. The concentration was 0.04 ppm. Total phosphorus 
concentrations of tested groundwater samples from wells 2S and 2D are plotted in figure 
4.44, and from wells 1, 3D, and 3S are plotted in figure 4.45. As shown, phosphorus was 
not detected in most of the groundwater samples. Phosphorus was also not detected in 
any of the samples tested from wells 4S and 4D, except for the 10/27/14 sample from 
well 4D with a reading of 0.02 ppm. When phosphorus was detected in groundwater 
samples, it was present in some of the dry and wet weather samples from all wells. 
Although total phosphorus concentrations were elevated in some wet weather samples, 
particularly well 3S after storms in October, this also occurred in the well upstream of the 
basin, well 1. Nevertheless, these results could be caused by infiltrating stormwater from 
the basin. Stormwater runoff concentrations for total phosphorus were less than 0.6 ppm 
and averaged between 0.1 and 0.2 ppm. Therefore, it seems reasonable that if infiltrating 
stormwater from the basin reached wells 2 and 3, it would be present in such low 
concentrations. 
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!
Figure 4.44 – Local rainfall data and total phosphorus concentrations of samples 
from wells 2S and 2D !
!
Figure 4.45 – Local rainfall data and total phosphorus concentrations of samples 
from wells 1, 3D, and 3S 
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4.2.2.6 Bacteria 
Groundwater samples collected between 8/14 and 11/5/14, or fifty-seven samples, 
were analyzed for total coliforms and E. coli. Although surface water E. coli levels 
reached 25,000 MPN/100 mL, only two groundwater samples had E. coli in them. The 
two samples were collected from well 2S on 9/24 and 10/27 and had concentrations of 
6.2 and 2 MPN/100 mL. Total coliforms are used as an indicator for E. coli in water 
samples. Although E. coli was not present in the water samples, total coliforms were 
present in the samples, typically under 100 MPN/100 mL. Total coliform concentrations 
were highly variable, but with no noticeable relationship to storm events. Concentrations 
were generally higher in Wells 1, 2S, and 2D. Since stormwater runoff concentrations 
were always greater than 2,000 MPN/100 mL, this could suggest that stormwater 
infiltrating through the basin travels towards well 2. 
 
4.2.2.7 Carbon 
Dissolved organic carbon and total inorganic carbon concentrations in the 
groundwater samples are discussed in this section. Figure 4.46 shows the DOC 
concentrations of groundwater samples from well 2S and 2D, and the DOC 
concentrations of groundwater samples from wells 1, 3D, and 3S are shown in figure 
4.47. There were fluctuations in DOC concentrations for all wells, but there were no 
distinct trends between dry and wet weather samples. DOC concentrations in samples 
from wells 4S and 4D were of a similar magnitude to those found in the other five 
monitoring wells. The average concentration of DOC in groundwater samples was less 
than 2 mg/L, but the DOC concentrations in stormwater samples were much higher.    
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!
Figure 4.46 – Local rainfall data and DOC concentrations of samples from wells 2S 
and 2D 
 
!
Figure 4.47 – Local rainfall data and DOC concentrations of samples from wells 1, 
3D, and 3S 
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Groundwater samples were high in alkalinity, and consequently had high 
concentrations of inorganic carbon. Inorganic carbon concentrations are expressed as 
mg/L of carbon dioxide. Groundwater samples had significantly higher amounts of 
inorganic carbon than DOC. While there was some variation in inorganic carbon 
concentrations for several of the wells, this variation did not differentiate between dry 
and wet weather samples. The inorganic carbon concentrations of samples from wells 2 
and wells 1 and 3 are presented in figures 4.48 and 4.49, respectively. In samples from 
wells 4, the inorganic carbon concentrations were usually between 40 and 50 mg/L as 
carbon dioxide. 
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!
Figure 4.48 – Local rainfall data and inorganic carbon concentrations of samples 
from wells 2S and 2D !
!
Figure 4.49 – Local rainfall data and inorganic carbon concentrations of samples 
from wells 1, 3D, and 3S 
!J. Tupper  Chapter 5 (Conclusions)  139 
5 Conclusions 
This research showed that stormwater recharge is a viable component for BMP 
design. The research provided a quantification of the effectiveness of the BMP and 
associated groundwater transport in mitigating the impacts of stormwater on water 
quality. Additionally, the characterizations of the BMP at the Gate 27 access to the 
Wachusett Reservoir lead to recommendations for improving the design. The findings of 
this research can contribute to the guidelines and implementation of biofiltration BMPs.  
 
5.1 Stormwater Infiltration 
The Gate 27 biofiltration facility discharges stormwater runoff through a stone 
bed and perforated outlet pipe to an area of riprap southwest of the basin, and also by 
seepage to the groundwater table. The results showed that thousands of cubic feet of 
stormwater – dependent upon the storm event, antecedent moisture conditions, etc. – 
infiltrate from the biofiltration basin to groundwater. Analysis of the flow data revealed 
that infiltration to groundwater was comparable to discharge through the outfall. Based 
on water level measurements in the seven groundwater wells, infiltrating stormwater 
from the basin affected wells 2 and 3. Wells 2 and 3 are located approximately 75 feet 
downstream of the basin. The head in both the shallow and deep wells at locations 2 and 
3 increased anywhere from around one to four feet in the days following a large storm 
event. Since a portion of the stormwater volume from the BMP ended up in the 
subsurface, this portion carried some load with it based on the surface water 
concentrations. 
Inflow contaminant loadings were transferred to the subsurface, which impacted 
groundwater quality.!Groundwater samples were collected such that they coincided with 
four storm events with substantial rainfall in July, August, and October 16th and 22nd. The 
only dramatic change in groundwater concentrations occurred in well 2A (shallow) 
following major storms in July and October. The sampling port for well 2A was as much 
as five feet below the groundwater table. Stormwater concentrations of nitrate, chloride, 
calcium, and sodium were significantly less than groundwater concentrations, and the 
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stormwater appeared to dilute groundwater samples after these storms. Preliminary 
inverse modeling results through the PHREEQC software package confirmed mixing 
between stormwater and groundwater. These drops in groundwater contaminant 
concentrations were found in samples collected 3 days after the July 15th storm, 6 days 
after the October 16th storm, and 4 days after the October 22nd-23rd storm. These changes 
in groundwater quality were not seen in the groundwater sample after the August storm, 
but stormwater quantity results showed that only a small amount of stormwater infiltrated 
groundwater from that storm event. Although not as prominent, small changes were seen 
in wells 3A and 3B between dry and wet weather samples. The water quality of well 1 
samples was consistent over time and similar to dry weather samples from wells 2 and 3. 
Groundwater samples from wells 4 were also comparable in water quality to dry weather 
samples from wells 2 and 3.  
Stormwater infiltration was effective in removing phosphorus, suspended 
sediment, and E. coli. E. coli was almost non-existent in groundwater samples. E. coli 
concentrations in stormwater are one of the most important contaminants of concern in 
protecting public health. While suspended sediment was also removed by the outlet 
structure, high phosphorus and E. coli concentrations were still present in the outflow. 
For the water quality parameters analyzed, stormwater recharge did not introduce 
any contaminants that were not already present in the groundwater. There were no 
noticeable spikes in groundwater concentrations subsequent to a storm event. The 
concentrations of the studied constituents expectedly varied on a day-to-day basis, so any 
small differences in concentration were difficult to connect to stormwater recharge. 
Groundwater samples were collected on a daily basis, but were not collected every day 
after a storm event. Although a large set of groundwater samples were collected, more 
samples would provide a better foundation for statistical analysis. Additionally, more dry 
and wet weather samples would have helped to accentuate any differences between dry 
and wet weather conditions. 
Infiltration is a valuable tool in managing stormwater runoff, in terms of both 
water quantity and quality. This study looked at groundwater infiltration to a water 
supply reservoir, and therefore requires the highest water quality. Incorporating 
groundwater infiltration in BMP design reduces stormwater runoff, compensates for the 
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loss of groundwater recharge from impervious cover, and can remove constituents from 
the infiltrating stormwater. Even if stormwater unsuccessfully treated by a BMP reaches 
a surface water body by overland flow or baseflow, groundwater infiltration introduces 
that stormwater to the surface water body gradually as opposed to a very short timespan. 
Treatment by subsurface infiltration could also depend on the groundwater quality during 
dry weather conditions.  
 
5.2 Biofiltration BMP Design 
One of the project objectives was to determine the effectiveness of the Gate 27 
biofiltration facility in reducing contaminant discharges to the Wachusett Reservoir and 
propose design alterations to increase the effectiveness. Furthermore, the results from the 
study of the Gate 27 biofiltration facility can help in making recommendations for 
improved design procedures for structural stormwater BMPs in general. 
MA DCR implemented pollution prevention programs to reduce the amount of 
contaminants entering the BMP in the first place, which is a very important part in 
reducing stormwater discharges to the reservoir. The Gate 27 BMP treats stormwater by 
two means, filtration through a trench drain and infiltration to groundwater. The 
stormwater runoff results showed that most of the total infiltration volume occurs at the 
beginning of the storm, before the stormwater reaches the trench drain top elevation. 
Antecedent moisture conditions and the initial water level in the basin had some impact 
on the infiltration volume as well. Stormwater exited the basin through the outlet 
structure for storms events with greater than 0.5 inches of rainfall. Consequently, for 
storms with less than 1.4 inches of rainfall, the infiltration volume was either greater than 
or equal to the outflow volume. The stormwater contaminant loadings from the inflow are 
divided between the outflow and infiltration water volumes. 
The surface water quality results provided insight into the transformations of the 
stormwater throughout the BMP. Small changes in stormwater quality occurred between 
the culvert inflow, basin, and outflow samples. Reduction in contaminants from the 
culvert inflow to the trench drain outflow increased with increased infiltration to 
groundwater. The stormwater quantity results showed that the stormwater exiting through 
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the trench drain did not previously pass through the filter media of the biofiltration basin, 
and therefore does not receive much treatment. A stone bed is not effective at removing 
dissolved contaminants, as substantiated by the water quality results. In particular, the 
Gate 27 BMP was not effective at reducing E. coli concentrations in the stormwater. For 
the August and October storms, some outflow samples had higher E. coli concentrations 
than inflow samples. On the other hand, the BMP was effective at removing sediments 
from the stormwater. The flow attenuation achieved by the BMP allowed for 
sedimentation. In this case, since there was additional overland flow and infiltration 
downstream of the outfall discharge, the bacterial and other contaminant discharges 
would not be expected to impact the surface water quality at the reservoir. 
Given these results, it is recommended that larger volumes of stormwater inflow 
to the basin exit through infiltration rather than through the trench drain. Built-up 
sediment in the eastern half of the basin needs to be removed to increase infiltration rates. 
Efforts should be taken to increase the time that stormwater stays in the basin before it 
reaches the trench drain. For example, constructing a barrier next to the trench drain. 
 
5.3 Recommendations for Future Research 
The methods and results of this project contribute to the improvement of BMP 
design, monitoring, and performance. Future efforts should include additional field 
research to characterize transformations in biofiltration basins and other BMPs, and to 
understand the seasonal variability in BMPs. Additional research is needed to better 
quantitatively understand the processes by which contaminants are mitigated in BMPs 
and infiltration/flow through adjacent groundwater. 
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Appendix A: Additional Water Quantity Information 
 
Table A.1 – Basin staff gage readings 
Date Time Elevation (ft.) 
5/16/14 6:00 PM 405.81 
5/17/14 3:30 PM 406.45 
7/15/14 10:30 AM 405.78 
7/15/14 5:00 PM > 408.84 
7/15/14 8:00 PM 408.7 
7/16/14 8:45 AM 406.64 
7/16/14 9:30 AM 406.74 
7/28/14 2:00 PM 405.9 
7/29/14 11:30 AM 405.84 
8/5/14 9:20 AM 405.54 
8/13/14 11:00 AM 406.64 
8/13/14 3:20 PM 406.49 
8/14/14 8:10 AM 406.39 
8/14/14 8:30 AM 406.4 
8/14/14 12:00 PM 406.39 
8/15/14 1:25 PM 406.33 
8/19/14 12:00 PM 405.8 
8/22/14 ~ 12:00 PM 405.54 
8/25/14 ~ 12:00 PM 405.54 
9/5/14 2:30 PM 405.96 
9/10/14 ~ 12:00 PM 405.97 
9/24/14 ~ 1 PM 406.13 
10/15/14 ~ 2 PM 405.7 
10/16/14 5:10 PM 406.63 
10/17/14 ~ 8 AM 406.4 
10/17/14 2:09 PM 406.37 
10/19/14 7:07 PM 406.16 
10/24/14 12:35 PM 406.42 
10/27/14 2:29 PM 406.13 
11/5/14 9:30 AM 406.14 
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Table A.2 – Wachusett Reservoir staff gage readings 
Date Time Elevation (ft.) 
10/15/14 1:30 PM 382.41 
10/16/14 5:20 PM 382.31 
10/17/14 ~ 3 PM 382.28 
10/19/14 4:09 PM 382.38 
10/22/14 1 – 3 PM 382.41 
10/24/14 12:59 PM 382.68 
10/27/14 1:57 PM 382.5 
11/5/14 9:35 AM 382.39 
 
 
 
Figure A.1 – Inflow hydrograph for the May storm 
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Figure A.2 – Inflow hydrograph for the July storm !
!
Figure A.3 – Rainfall and basin volume for the October 22nd storm !
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Appendix B: Surface Water Samples 
 
Sample ID Dissolved 
Oxygen 
(mg/L) 
HACH probe data   Alkalinity 
Date Location Time Temperature  (°C) 
Specific Conductance 
(µS/cm) pH meq/L 
mg/L as 
CaCO3 
3/28/14 Out 3:05 PM 8.1 1.4 4 6.53 0.18 9.0 
3/28/14 WR 3:15 PM 7.1 7 1 6.44 0.51 25.0 
3/28/14 In (SF) 3:25 PM 12.3 7.2 49 6.22 0.13 6.3 
3/31/14 Out 8:55 PM 14.7 – – 6.7 0.08 4.0 
3/31/14 In (SF) 9:05 AM 15.0 – – 6.43 0.14 7.0 
4/1/14 Out 7:55 AM 13.7 1 78 6.5 0.19 10.0 
4/1/14 Out 8:05 AM – 1 85 – – – 
                  
5/16/14 Basin 6:00 PM 7.1 19.4 6 6.24 0.25 12.0 
5/16/14 In (SF) 3:00 PM – – – 6.54 0.40 20.0 
5/16/14 In (SF) 3:30 PM – – – 6.5 0.41 21.0 
5/16/14 In (SF) 4:00 PM – – – 6.49 0.44 22.0 
5/16/14 In (SF) 5:00 PM – – – 6.51 0.30 15.0 
5/16/14 In (SF) 5:30 PM – – – 6.29 0.29 14.0 
5/17/14 In (SF) 8:50 AM 8.5 – – 6.85 0.18 9.0 
5/17/14 Out 9:00 AM 5.6 – – 6.24 0.19 9.0 
5/17/14 Out 3:25 PM 8.2 24.2 34 6.25 0.14 7.0 
5/17/14 Basin 3:30 PM – 27.3 32 6.78 0.20 10.3 
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Sample ID Anions (ppm) 
Date Location Time Fluoride Chloride Nitrite Sulfate Bromide Nitrate Phosphate 
3/28/14 Out 3:05 PM 0.020 4.0 0.002 0.5 0 0.2 0.446 
3/28/14 WR 3:15 PM 0.033 0 0 13.0 0.034 5.2 0 
3/28/14 In (SF) 3:25 PM 0.013 17.8 0.011 1.2 0.005 0.2 0 
3/31/14 Out 8:55 PM 0.009 3.4 0.008 0.4 0 0.1 0 
3/31/14 In (SF) 9:05 AM 0.010 23.9 0.007 1.3 0 0.1 0 
4/1/14 Out 7:55 AM 0.009 23.1 0 0.8 0 0.1 0 
4/1/14 Out 8:05 AM – – – – – – – 
                    
5/16/14 Basin 6:00 PM 0.028 11.3 0 2.6 0 0.5 0 
5/16/14 In (SF) 3:00 PM 0.055 27.0 0.305 5.0 0 1.4 0.131 
5/16/14 In (SF) 3:30 PM 0.056 27.6 0.293 5.0 0 1.5 0.112 
5/16/14 In (SF) 4:00 PM 0.055 27.7 0.297 5.0 0 1.6 0.065 
5/16/14 In (SF) 5:00 PM 0.047 23.6 0.225 4.3 0 1.4 0.124 
5/16/14 In (SF) 5:30 PM 0.044 23.5 0.230 4.8 0 1.2 0.559 
5/17/14 In (SF) 8:50 AM 0.022 6.7 0 1.6 0 0.3 0 
5/17/14 Out 9:00 AM 0.019 4.7 0 1.4 0 0.1 0 
5/17/14 Out 3:25 PM 0.016 4.1 0 1.2 0 0.2 0 
5/17/14 Basin 3:30 PM 0.018 5.0 0 1.5 0 0.2 0 
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Sample ID Cations (ppm) 
Ammonia 
(mg/L) 
Total 
Phosphorus 
(mg/L) Date Location Time Ca Fe K Mg Mn Na 
3/28/14 Out 3:05 PM 2 0.02 0.7 0.4 0 7 0.25 0.21 
3/28/14 WR 3:15 PM 21 0.01 3.2 2.3 0 80 0.12 0.13 
3/28/14 In (SF) 3:25 PM 4 0.17 0.9 0.7 0 14 0.10 0.29 
3/31/14 Out 8:55 PM 2 0.07 0.2 0.3 0 4 0.06 0.11 
3/31/14 In (SF) 9:05 AM 6 0.14 0.3 0.6 0 15 0.30 0.10 
4/1/14 Out 7:55 AM 2 0.05 0.6 0.5 0 16 0.14 0.05 
4/1/14 Out 8:05 AM – – – – – – – – 
                      
5/16/14 Basin 6:00 PM 4 0.45 1.2 0.6 0 15 0.50 0.06 
5/16/14 In (SF) 3:00 PM 18 0.32 2.0 1.0 0 20 0.70 0.38 
5/16/14 In (SF) 3:30 PM 18 0.33 2.1 1.0 0 20 0.68 0.03 
5/16/14 In (SF) 4:00 PM 18 0.38 2.0 1.0 0 20 0.81 0.46 
5/16/14 In (SF) 5:00 PM 14 0.25 1.5 0.7 0 17 0.65 0.13 
5/16/14 In (SF) 5:30 PM 14 0.24 1.6 0.9 0 17 0.63 0.25 
5/17/14 In (SF) 8:50 AM 6 0.03 0.6 0.4 0 5 0.13 0 
5/17/14 Out 9:00 AM 2 0.13 0.9 0.3 0 7 0.23 0 
5/17/14 Out 3:25 PM 3 0.11 0.7 0.4 0 5 0.18 0 
5/17/14 Basin 3:30 PM 3 0.18 0.9 0.3 0 6 0.26 0 
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Sample ID Total 
Inorganic 
Carbon   
(mg/L as CO2) 
Dissolved 
Organic 
Carbon 
(mg/L) 
Bacteria (MPN/100mL) Total 
Suspended 
Solids 
(mg/L) 
Turbidity 
(NTU) Date Location Time Total Coliforms E. coli 
3/28/14 Out 3:05 PM 13.0 – – – 2.2 – 
3/28/14 WR 3:15 PM 39.7 – – – 16.6 – 
3/28/14 In (SF) 3:25 PM 12.9 – – – 47.4 – 
3/31/14 Out 8:55 PM 4.8 – – – 6.1 – 
3/31/14 In (SF) 9:05 AM 10.9 – – – 16.6 – 
4/1/14 Out 7:55 AM 14.3 – – – 3.3 – 
4/1/14 Out 8:05 AM – – – – – – 
                  
5/16/14 Basin 6:00 PM 24.6 – – – 47.6 – 
5/16/14 In (SF) 3:00 PM 28.3 – – – 140.7 – 
5/16/14 In (SF) 3:30 PM 30.5 – – – 117.7 – 
5/16/14 In (SF) 4:00 PM 32.9 – – – 394.2 – 
5/16/14 In (SF) 5:00 PM 21.9 – – – 38.2 – 
5/16/14 In (SF) 5:30 PM 26.7 – – – 43.6 – 
5/17/14 In (SF) 8:50 AM 10.4 – – – 4.2 – 
5/17/14 Out 9:00 AM 18.5 – – – 2.7 – 
5/17/14 Out 3:25 PM 13.5 – – – 7.1 – 
5/17/14 Basin 3:30 PM 12.3 – – – 11.6 – 
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Sample ID Dissolved 
Oxygen 
(mg/L) 
HACH probe data   Alkalinity 
Date Location Time Temperature  (°C) 
Specific Conductance 
(µS/cm) pH meq/L 
mg/L as 
CaCO3 
7/9/14 WR 10 AM – 1 PM 11.0 – 213 6.55 – – 
7/15/14 WR 10 AM – 1 PM 12.1 – 228 7.25 – – 
7/15/14 In 1:41 PM – – 5 5.47 0.12 6.2 
7/15/14 In 5:00 PM 8.7 – 4 5.84 – – 
7/15/14 Out 5:00 PM 6.8 – 4 4.47 0.05 2.6 
7/15/14 In 3:36 PM – – 6 6.43 – – 
7/15/14 In 5:36 PM – – 6 6.63 – – 
7/15/14 In 6:36 PM – – 9 6.59 – – 
7/15/14 In 7:36 PM – – 8 6.59 – – 
7/15/14 In 8:36 PM – – 8 6.77 – – 
7/15/14 In 9:36 PM – – 8 6.43 – – 
7/15/14 In 10:36 PM – – 8 6.44 – – 
7/15/14 In 11:36 PM – – 6 7.02 – – 
7/16/14 In 12:36 AM – – 5 6.96 – – 
7/16/14 In 1:36 AM – – 5 7.22 – – 
7/16/14 In 2:36 AM – – 6 7.47 – – 
7/16/14 In 3:36 AM – – 6 6.90 – – 
7/16/14 In 4:36 AM – – 6 8.06 – – 
7/16/14 In 5:36 AM – – 6 6.69 – – 
7/16/14 In 6:36 AM – – 6 7.68 – – 
7/16/14 In 7:36 AM – – 8 7.08 – – 
7/16/14 In 8:36 AM – – 8 7.09 – – 
7/16/14 Out ~ 9 AM – – 5 4.62 – – 
7/17/14 WR 10 AM – Noon 14.0 – 395 6.21 – – 
7/18/14 Basin 10 AM – 1 PM 8.2 – 17 6.90 – – 
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Sample ID Anions (ppm) 
Date Location Time Fluoride Chloride Nitrite Sulfate Bromide Nitrate Phosphate 
7/9/14 WR 10 AM – 1 PM 0.045 62.7 0 7.3 0 1.4 0 
7/15/14 WR 10 AM – 1 PM 0.052 66.2 0 7.6 0 2.2 0 
7/15/14 In 1:41 PM 0.008 5.2 0.107 2.3 0 1.7 0 
7/15/14 In 5:00 PM 0 0.9 0 0.8 0 1.3 0.073 
7/15/14 Out 5:00 PM 0.007 1.1 0 0.8 0 0.7 0.080 
7/15/14 In 3:36 PM 0.009 2.9 0.098 1.4 0 1.1 0.062 
7/15/14 In 5:36 PM 0.008 3.4 0.016 1.5 0 1.6 0.038 
7/15/14 In 6:36 PM – – – – – – – 
7/15/14 In 7:36 PM 0.026 116.0 0 2.1 0 3.1 16.614 
7/15/14 In 8:36 PM 0.029 136.6 0 2.3 0 3.4 19.664 
7/15/14 In 9:36 PM – – – – – – – 
7/15/14 In 10:36 PM – – – – – – – 
7/15/14 In 11:36 PM 0 4.3 0 0.3 0 0.3 0.039 
7/16/14 In 12:36 AM 0.009 1.6 0 0.4 0 0.5 0.066 
7/16/14 In 1:36 AM 0.023 1.8 0 0.5 0 0.5 0.067 
7/16/14 In 2:36 AM – – – – – – – 
7/16/14 In 3:36 AM – – – – – – – 
7/16/14 In 4:36 AM – – – – – – – 
7/16/14 In 5:36 AM – – – – – – – 
7/16/14 In 6:36 AM – – – – – – – 
7/16/14 In 7:36 AM – – – – – – – 
7/16/14 In 8:36 AM – – – – – – – 
7/16/14 Out ~ 9 AM 0.007 1.6 0 0.6 0 0.2 0.049 
7/17/14 WR 10 AM – Noon 0.040 150.0 0 11.3 0.036 3.7 0 
7/18/14 Basin 10 AM – 1 PM 0.012 1.7 0 0.4 0 0 0.032 
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Sample ID Cations (ppm) 
Ammonia 
(mg/L) 
Total 
Phosphorus 
(mg/L) Date Location Time Ca Fe K Mg Mn Na 
7/9/14 WR 10 AM – 1 PM 19 0.02 1.5 1.8 0.05 37 0.07 – 
7/15/14 WR 10 AM – 1 PM 19 0.04 1.7 1.8 0.05 42 0.10 – 
7/15/14 In 1:41 PM 6 0.06 0.8 0.7 0.06 4 0.86 – 
7/15/14 In 5:00 PM 3 0.04 0.3 0.4 0.05 1 0.48 – 
7/15/14 Out 5:00 PM 2 0.05 0.9 0.4 0.05 2 0.28 – 
7/15/14 In 3:36 PM – – – – – – – – 
7/15/14 In 5:36 PM – – – – – – – – 
7/15/14 In 6:36 PM – – – – – – – – 
7/15/14 In 7:36 PM 15 0.04 2.0 1.1 0.08 89 0.70 – 
7/15/14 In 8:36 PM 18 0.03 2.4 1.1 0.07 101 0.68 – 
7/15/14 In 9:36 PM 19 0.03 2.4 1.2 0.06 102 0.68 – 
7/15/14 In 10:36 PM 20 0.02 2.5 1.2 0.09 104 0.65 – 
7/15/14 In 11:36 PM 2 0.04 0.3 0.3 0.06 4 0.17 – 
7/16/14 In 12:36 AM 2 0.04 0.3 0.3 0.06 3 0.15 – 
7/16/14 In 1:36 AM 2 0.04 0.3 0.4 0.07 3 0.13 – 
7/16/14 In 2:36 AM – – – – – – – – 
7/16/14 In 3:36 AM – – – – – – – – 
7/16/14 In 4:36 AM – – – – – – – – 
7/16/14 In 5:36 AM – – – – – – – – 
7/16/14 In 6:36 AM – – – – – – – – 
7/16/14 In 7:36 AM – – – – – – – – 
7/16/14 In 8:36 AM – – – – – – – – 
7/16/14 Out ~ 9 AM 3 0.09 0.7 0.4 0.05 2 0.17 – 
7/17/14 WR 10 AM – Noon 25 0.04 3.2 2.3 0.05 86 0.11 – 
7/18/14 Basin 10 AM – 1 PM 3 0.55 0.7 0.5 0.05 3 0.23 – 
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Sample ID Total 
Inorganic 
Carbon   
(mg/L as CO2) 
Dissolved 
Organic 
Carbon 
(mg/L) 
Bacteria (MPN/100mL) Total 
Suspended 
Solids 
(mg/L) 
Turbidity 
(NTU) Date Location Time Total Coliforms E. coli 
7/9/14 WR 10 AM – 1 PM – – – – – – 
7/15/14 WR 10 AM – 1 PM – – – – – – 
7/15/14 In 1:41 PM 46.4 – – – 90.7 38 
7/15/14 In 5:00 PM – – – – 84.4 23 
7/15/14 Out 5:00 PM 285.5 – – – 17.8 15 
7/15/14 In 3:36 PM – – – – – 15 
7/15/14 In 5:36 PM – – – – – 19 
7/15/14 In 6:36 PM – – – – – 12 
7/15/14 In 7:36 PM – – – – 8.3 10 
7/15/14 In 8:36 PM – – – – 8.3 7 
7/15/14 In 9:36 PM – – – – – 6 
7/15/14 In 10:36 PM – – – – – 7 
7/15/14 In 11:36 PM – – – – 42.5 15 
7/16/14 In 12:36 AM – – – – 10.0 7 
7/16/14 In 1:36 AM – – – – 4.6 6 
7/16/14 In 2:36 AM – – – – – 5 
7/16/14 In 3:36 AM – – – – – 5 
7/16/14 In 4:36 AM – – – – – 5 
7/16/14 In 5:36 AM – – – – – 4 
7/16/14 In 6:36 AM – – – – – 4 
7/16/14 In 7:36 AM – – – – – 7 
7/16/14 In 8:36 AM – – – – – 7 
7/16/14 Out ~ 9 AM – – – – 4.2 5 
7/17/14 WR 10 AM – Noon – – – – – – 
7/18/14 Basin 10 AM – 1 PM – – – – 1.6 – 
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Sample ID Dissolved 
Oxygen 
(mg/L) 
HACH probe data   Alkalinity 
Date Location Time Temperature  (°C) 
Specific Conductance 
(µS/cm) pH meq/L 
mg/L as 
CaCO3 
8/5/14 Basin 1:25 PM 5.8 36.5 53 8.05 0.14 7.1 
8/5/14 WR 3:00 PM 7.3 28.5 243 7.31 0.20 10.0 
8/13/14 In 9:52 AM 10.0 – 10 6.27 0.04 2.1 
8/13/14 Out 10:00 AM 7.8 – 24 – – – 
8/13/14 Out 11:10 AM 6.8 – 25 6.27 0.12 6.0 
8/13/14 In 3:00 PM 8.8 22.5 15 – – – 
8/13/14 In 3:00 PM – – 15 – – – 
8/13/14 Out 3:15 PM 7.0 21.5 36 6.31 0.15 7.3 
8/13/14 Out 3:15 PM – – 35 6.38 0.13 6.8 
8/13/14 Basin 3:20 PM – – 57 6.67 0.18 9.0 
8/13/14 In 6:00 AM – – 28 6.64 0.15 8.0 
8/13/14 In 7:00 AM – – 15 5.83 0.04 2.0 
8/13/14 In 8:00 AM – – 16 5.76 0.05 2.0 
8/13/14 In 9:00 AM – – 17 – – – 
8/13/14 In 10:00 AM – – 11 5.69 0.04 2.0 
8/13/14 In 11:00 AM – – 69 – – – 
8/13/14 In 12:00 PM – – 22 – – – 
8/13/14 In 1:00 PM – – 17 – – – 
8/13/14 In 2:00 PM – – 20 – – – 
8/13/14 In 3:00 PM – – 16 – – – 
8/13/14 In 4:00 PM – – 19 – – – 
8/13/14 In 5:00 PM – – 27 – – – 
8/13/14 In 6:00 PM – – 17 – – – 
8/13/14 In 7:00 PM – – 19 – – – 
8/13/14 In 8:00 PM – – 28 – – – 
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Sample ID Anions (ppm) 
Date Location Time Fluoride Chloride Nitrite Sulfate Bromide Nitrate Phosphate 
8/5/14 Basin 1:25 PM 0.024 7.4 0 4.1 0 0 0.062 
8/5/14 WR 3:00 PM 0.001 57.8 0 7.9 0 1.9 0 
8/13/14 In 9:52 AM 0.017 1.2 0 0.2 0 0.1 0 
8/13/14 Out 10:00 AM 0.016 2.6 0 1.1 0 0.3 0.148 
8/13/14 Out 11:10 AM 0.017 2.9 0 1.1 0 0.3 0.143 
8/13/14 In 3:00 PM 0.008 1.9 0 0.5 0 0.2 0 
8/13/14 In 3:00 PM 0.017 2.0 0 0.5 0 0.2 0 
8/13/14 Out 3:15 PM 0.017 5.3 0 1.7 0 0.2 0.132 
8/13/14 Out 3:15 PM 0.016 5.3 0 1.7 0 0.1 0.123 
8/13/14 Basin 3:20 PM 0.019 10.9 0 3.6 0 0 0.162 
8/13/14 In 6:00 AM 0.012 5.1 0 1.1 0 0.4 0 
8/13/14 In 7:00 AM 0.017 2.2 0 0.5 0 0.2 0.035 
8/13/14 In 8:00 AM 0.008 2.4 0 0.4 0 0.2 0.035 
8/13/14 In 9:00 AM – – – – – – – 
8/13/14 In 10:00 AM 0 1.4 0 0.3 0 0.1 0 
8/13/14 In 11:00 AM 0.017 19.0 0 0.7 0 0.4 0 
8/13/14 In 12:00 PM – – – – – – – 
8/13/14 In 1:00 PM – – – – – – – 
8/13/14 In 2:00 PM – – – – – – – 
8/13/14 In 3:00 PM – – – – – – – 
8/13/14 In 4:00 PM – – – – – – – 
8/13/14 In 5:00 PM – – – – – – – 
8/13/14 In 6:00 PM 0.010 2.0 0 0.4 0 0.2 0 
8/13/14 In 7:00 PM 0.010 2.7 0 0.5 0 0.3 0 
8/13/14 In 8:00 PM – – – – – – – 
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Sample ID Cations (ppm) 
Ammonia 
(mg/L) 
Total 
Phosphorus 
(mg/L) Date Location Time Ca Fe K Mg Mn Na 
8/5/14 Basin 1:25 PM 4 0.64 1.4 0.7 0.06 9 0.45 – 
8/5/14 WR 3:00 PM 16 0.03 1.8 1.5 0.05 35 0 – 
8/13/14 In 9:52 AM 2 0.07 0.2 0.3 0 1 0.11 0.08 
8/13/14 Out 10:00 AM 2 0.08 1.2 0.3 0.01 3 0.14 0.11 
8/13/14 Out 11:10 AM 2 0.09 1.2 0.4 0.01 4 0.15 0.50 
8/13/14 In 3:00 PM 3 0.09 0.3 0.3 0.003 2 0.18 0.16 
8/13/14 In 3:00 PM 3 0.11 0.3 0.3 0.01 2 0.21 0.30 
8/13/14 Out 3:15 PM 3 0.11 1.4 0.5 0.01 5 0.20 0.16 
8/13/14 Out 3:15 PM 3 0.11 1.4 0.5 0.01 5 0.17 0.06 
8/13/14 Basin 3:20 PM 3 0.17 2.6 0.6 0.02 8 0.22 0.33 
8/13/14 In 6:00 AM 3 0.09 0.4 0.5 0.04 4 0.28 0.56 
8/13/14 In 7:00 AM 2 0.10 0.3 0.3 0.03 2 0.21 0.12 
8/13/14 In 8:00 AM 3 0.12 0.5 0.4 0.03 2 0.21 0.06 
8/13/14 In 9:00 AM – – – – – – – – 
8/13/14 In 10:00 AM 2 0.10 0.3 0.4 0.03 1 0.15 0.06 
8/13/14 In 11:00 AM 5 0.15 0.6 0.6 0.04 11 0.22 0.27 
8/13/14 In 12:00 PM – – – – – – – – 
8/13/14 In 1:00 PM – – – – – – – – 
8/13/14 In 2:00 PM – – – – – – – – 
8/13/14 In 3:00 PM – – – – – – – – 
8/13/14 In 4:00 PM – – – – – – – – 
8/13/14 In 5:00 PM – – – – – – – – 
8/13/14 In 6:00 PM 5 0.11 0.3 0.4 0.03 2 0.14 0.11 
8/13/14 In 7:00 PM 3 0.11 0.4 0.4 0.04 2 0.19 0.09 
8/13/14 In 8:00 PM – – – – – – – – 
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Sample ID Total 
Inorganic 
Carbon   
(mg/L as CO2) 
Dissolved 
Organic 
Carbon 
(mg/L) 
Bacteria (MPN/100mL) Total 
Suspended 
Solids 
(mg/L) 
Turbidity 
(NTU) Date Location Time Total Coliforms E. coli 
8/5/14 Basin 1:25 PM 6.3 – – – – – 
8/5/14 WR 3:00 PM 9.7 – – – – – 
8/13/14 In 9:52 AM 4.0 2.23 > 9678.4 307.6 – 9 
8/13/14 Out 10:00 AM – 5.13 > 9678.4 2452.4 2.0 6 
8/13/14 Out 11:10 AM 11.4 5.26 > 9678.4 5654.4 – 5 
8/13/14 In 3:00 PM – 3.75 > 9678.4 135.4 – 8 
8/13/14 In 3:00 PM – 3.61 – – – 11 
8/13/14 Out 3:15 PM 13.2 6.03 > 9678.4 3921.6 – 5 
8/13/14 Out 3:15 PM 11.3 5.83 – – 3.3 5 
8/13/14 Basin 3:20 PM 11.5 7.57 – – – – 
8/13/14 In 6:00 AM 10.0 – – – 155.1 35 
8/13/14 In 7:00 AM 8.5 – – – 30.0 19 
8/13/14 In 8:00 AM 10.4 – – – – 13 
8/13/14 In 9:00 AM  – – – 47.0 23 
8/13/14 In 10:00 AM 9.9 – – – – 10 
8/13/14 In 11:00 AM – – – – – 18 
8/13/14 In 12:00 PM – – – – – 17 
8/13/14 In 1:00 PM – – – – – 11 
8/13/14 In 2:00 PM – – – – 9.5 14 
8/13/14 In 3:00 PM – – – – – 16 
8/13/14 In 4:00 PM – – – – – 13 
8/13/14 In 5:00 PM – – – – – 12 
8/13/14 In 6:00 PM – – – – 95.6 17 
8/13/14 In 7:00 PM – – – – – 9 
8/13/14 In 8:00 PM – – – – – 14 
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Sample ID Dissolved 
Oxygen 
(mg/L) 
HACH probe data   Alkalinity 
Date Location Time Temperature  (°C) 
Specific Conductance 
(µS/cm) pH meq/L 
mg/L as 
CaCO3 
8/14/14 Out 8:00 AM – 15.8 36 6.60 0.13 6.7 
8/14/14 Basin 8:10 AM 6.0 18.5 50 6.14 0.15 7.3 
8/15/14 Basin 11:00 AM 11.0 22.4 45 6.01 0.14 7.0 
8/19/14 WR 12:15 PM 11.7 25.5 235 7.02 0.15 7.5 
8/22/14 WR 1 ~ 12:00 PM – 22.8 117 – – – 
8/22/14 WR 2 ~ 12:00 PM – 22.7 122 – – – 
8/22/14 WR 3 ~ 12:00 PM – 22.6 118 – – – 
8/22/14 WR 4 ~ 12:00 PM – 22.6 121 – – – 
8/22/14 WR 5 ~ 12:00 PM – 22.3 132 – – – 
8/22/14 WR 6 ~ 12:00 PM – 21.7 244 – – – 
8/22/14 WR 7 ~ 12:00 PM – 22.5 122 – – – 
9/5/14 Basin 2:55 PM 8.9 31.9 16 6.88 1.66 82.8 
10/16/14 In 8:41 AM 11.1 18.2 112 6.52 0.32 15.8 
10/16/14 In 9:25 AM 10.9 19.9 53 6.11 0.30 14.9 
10/16/14 In 10:55 AM – 20.5 27 – – – 
10/16/14 In 2:38 PM – – – – – – 
10/16/14 In 5:30 PM – 19.8 24 6.15 0.10 5.1 
10/16/14 In 8:03 PM – – – – – – 
10/16/14 In 9:30 AM – – 39 – – – 
10/16/14 In 10:30 AM – – 22 – – – 
10/16/14 In 11:30 AM – – 15 – – – 
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Sample ID Anions (ppm) 
Date Location Time Fluoride Chloride Nitrite Sulfate Bromide Nitrate Phosphate 
8/14/14 Out 8:00 AM 0.012 5.9 0 1.9 0 0 0.080 
8/14/14 Basin 8:10 AM 0.016 9.0 0 2.8 0.035 0 0.109 
8/15/14 Basin 11:00 AM 0.016 7.9 0 2.5 0 0 0.061 
8/19/14 WR 12:15 PM 0.045 31.9 0 6.4 0 0.1 0 
8/22/14 WR 1 ~ 12:00 PM – – – – – – – 
8/22/14 WR 2 ~ 12:00 PM 0.045 30.4 0 6.4 0 0.1 0 
8/22/14 WR 3 ~ 12:00 PM 0.045 29.5 0 6.4 0 0 0 
8/22/14 WR 4 ~ 12:00 PM 0.045 32.0 0 6.4 0 0.2 0 
8/22/14 WR 5 ~ 12:00 PM 0.045 31.3 0 6.4 0 0.2 0 
8/22/14 WR 6 ~ 12:00 PM 0.044 56.4 0 7.4 0 1.4 0 
8/22/14 WR 7 ~ 12:00 PM 0.045 31.5 0 6.4 0 0.1 0 
9/5/14 Basin 2:55 PM 0.017 1.2 0 0.8 0 0 0 
10/16/14 In 8:41 AM 0.066 25.2 0.221 7.1 0.026 1.7 0 
10/16/14 In 9:25 AM 0.057 19.0 0.168 5.1 0 1.2 0 
10/16/14 In 10:55 AM – – – – – – – 
10/16/14 In 2:38 PM – – – – – – – 
10/16/14 In 5:30 PM 0.016 3.2 0.056 1.0 0 0.2 0 
10/16/14 In 8:03 PM – – – – – – – 
10/16/14 In 9:30 AM 0.029 11.5 0 3.0 0 0.4 0 
10/16/14 In 10:30 AM 0.023 6.3 0.057 1.6 0 0.4 0 
10/16/14 In 11:30 AM 0.006 2.5 0 0.6 0 0.3 0 
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Sample ID Cations (ppm) 
Ammonia 
(mg/L) 
Total 
Phosphorus 
(mg/L) Date Location Time Ca Fe K Mg Mn Na 
8/14/14 Out 8:00 AM 3 0.13 1.4 0.5 0.01 5 0.11 0.32 
8/14/14 Basin 8:10 AM 3 0.24 2.2 0.7 0.02 7 0.18 0.17 
8/15/14 Basin 11:00 AM 3 0.22 1.9 0.7 0.02 7 0.18 0.26 
8/19/14 WR 12:15 PM 11 0.04 1.0 1.3 0.07 18 0.01 0 
8/22/14 WR 1 ~ 12:00 PM – – – – – – – – 
8/22/14 WR 2 ~ 12:00 PM – – – – – – – – 
8/22/14 WR 3 ~ 12:00 PM – – – – – – – – 
8/22/14 WR 4 ~ 12:00 PM – – – – – – – – 
8/22/14 WR 5 ~ 12:00 PM – – – – – – – – 
8/22/14 WR 6 ~ 12:00 PM – – – – – – – – 
8/22/14 WR 7 ~ 12:00 PM – – – – – – – – 
9/5/14 Basin 2:55 PM 2 0.24 0.7 0.4 0.02 2 0.17 0.15 
10/16/14 In 8:41 AM 20 0.26 3.0 1.2 0.03 15 – 0 
10/16/14 In 9:25 AM 15 0.26 1.8 1.1 0.02 13 – 0 
10/16/14 In 10:55 AM – – – – – – – – 
10/16/14 In 2:38 PM – – – – – – – – 
10/16/14 In 5:30 PM 5 0.21 0.4 0.4 0.02 3 0.61 0.18 
10/16/14 In 8:03 PM – – – – – – – – 
10/16/14 In 9:30 AM 7 0.26 1.1 0.7 0.05 8 0.69 0.07 
10/16/14 In 10:30 AM 5 0.17 0.7 0.5 0.04 5 0.43 – 
10/16/14 In 11:30 AM – – – – – – 0.20 0 
 
 
 
 
 
 
!J. Tupper      Appendix B  169 
Sample ID Total 
Inorganic 
Carbon   
(mg/L as CO2) 
Dissolved 
Organic 
Carbon 
(mg/L) 
Bacteria (MPN/100mL) Total 
Suspended 
Solids 
(mg/L) 
Turbidity 
(NTU) Date Location Time Total Coliforms E. coli 
8/14/14 Out 8:00 AM 9.1 5.51 – – 6.0 3 
8/14/14 Basin 8:10 AM 16.6 6.90 – – – 5 
8/15/14 Basin 11:00 AM 18.7 6.94 2595.2 25.2 – – 
8/19/14 WR 12:15 PM 7.9 2.87 1034.4 2 – – 
8/22/14 WR 1 ~ 12:00 PM – – – – – – 
8/22/14 WR 2 ~ 12:00 PM – – – – – – 
8/22/14 WR 3 ~ 12:00 PM – – – – – – 
8/22/14 WR 4 ~ 12:00 PM – – – – – – 
8/22/14 WR 5 ~ 12:00 PM – – – – – – 
8/22/14 WR 6 ~ 12:00 PM – – – – – – 
8/22/14 WR 7 ~ 12:00 PM – – – – – – 
9/5/14 Basin 2:55 PM 93.6 8.13 5654.4 4.0 – – 
10/16/14 In 8:41 AM 23.0 27.07 > 24196 4611 34.7 25 
10/16/14 In 9:25 AM 35.3 20.65 > 24196 12997 162.1 52 
10/16/14 In 10:55 AM – 7.88 > 24196 24196 – – 
10/16/14 In 2:38 PM – 3.02 > 24196 3255 – – 
10/16/14 In 5:30 PM 11.4 7.79 > 24196 1354 16.2 18 
10/16/14 In 8:03 PM – 17.68 > 12098 1627.5 – – 
10/16/14 In 9:30 AM – – – – – 20 
10/16/14 In 10:30 AM – – – – – 11 
10/16/14 In 11:30 AM – – – – 34.8 14 
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Sample ID Dissolved 
Oxygen 
(mg/L) 
HACH probe data   Alkalinity 
Date Location Time Temperature  (°C) 
Specific Conductance 
(µS/cm) pH meq/L 
mg/L as 
CaCO3 
10/16/14 In 12:30 PM – – 14 6.27 0.11 5.7 
10/16/14 In 1:30 PM – – 14 – – – 
10/16/14 In 2:30 PM – – 12 – – – 
10/16/14 In 3:30 PM – – 17 6.44 0.11 5.6 
10/16/14 In 4:30 PM – – 25 – – – 
10/16/14 In 5:30 PM – – 28 6.34 0.15 7.4 
10/16/14 In 6:30 PM – – 27 – – – 
10/16/14 In 7:30 PM – – 39 6.61 0.29 14.4 
10/16/14 In 8:30 PM – – 32 – – – 
10/16/14 In 9:30 PM – – 38 – – – 
10/16/14 In 10:30 PM – – 46 – – – 
10/16/14 In 11:30 PM – – 28 6.74 0.31 15.5 
10/16/14 Basin 5:10 PM – 20.0 21 6.31 0.14 7.0 
10/16/14 WR 5:20 PM – 17.3 184 6.63 0.18 9.2 
10/16/14 Out 2:34 PM – – – – – – 
10/16/14 Out 5:00 PM – 19.9 16 6.18 0.08 3.8 
10/16/14 Out 8:10 PM – – – – – – 
10/16/14 Out 11:59 AM – – 73 – – – 
10/16/14 Out 12:59 PM – – 70 6.35 0.14 6.9 
10/16/14 Out 1:59 PM – – 31 6.15 0.14 6.9 
10/16/14 Out 2:59 PM – – 11 – – – 
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Sample ID Anions (ppm) 
Date Location Time Fluoride Chloride Nitrite Sulfate Bromide Nitrate Phosphate 
10/16/14 In 12:30 PM 0.015 4.3 0.049 1.2 0 0.5 0 
10/16/14 In 1:30 PM – – – – – – – 
10/16/14 In 2:30 PM 0 0.9 0 0.2 0 0 0.040 
10/16/14 In 3:30 PM – – – – – – – 
10/16/14 In 4:30 PM 0.011 4.2 0.043 0.6 0 0.3 0 
10/16/14 In 5:30 PM 0.015 3.2 0.006 1.0 0 0.2 0 
10/16/14 In 6:30 PM – – – – – – – 
10/16/14 In 7:30 PM 0.029 4.5 0 1.4 0 0.1 0 
10/16/14 In 8:30 PM – – – – – – – 
10/16/14 In 9:30 PM 0.024 5.3 0.075 1.4 0 0.4 0 
10/16/14 In 10:30 PM – – – – – – – 
10/16/14 In 11:30 PM 0.027 6.8 0.066 1.6 0 0.5 0 
10/16/14 Basin 5:10 PM 0.010 2.8 0 1.3 0 0.7 0.138 
10/16/14 WR 5:20 PM 0.033 66.1 0 7.0 0 3.2 0 
10/16/14 Out 2:34 PM – – – – – – – 
10/16/14 Out 5:00 PM 0.009 1.9 0 0.9 0 0.4 0.122 
10/16/14 Out 8:10 PM – – – – – – – 
10/16/14 Out 11:59 AM 0.016 16.7 0 3.2 0 4.4 0 
10/16/14 Out 12:59 PM 0.015 16.4 0 3.1 0 4.3 0 
10/16/14 Out 1:59 PM 0.010 2.6 0 1.4 0 0.5 0.908 
10/16/14 Out 2:59 PM – – – – – – – 
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Sample ID Cations (ppm) 
Ammonia 
(mg/L) 
Total 
Phosphorus 
(mg/L) Date Location Time Ca Fe K Mg Mn Na 
10/16/14 In 12:30 PM 4 0.17 0.6 0.5 0.03 4 0.35 0.12 
10/16/14 In 1:30 PM – – – – – – 0.21 – 
10/16/14 In 2:30 PM – – – – – – 0.20 – 
10/16/14 In 3:30 PM 3 0.15 0.4 0.3 0.04 2 0.24 0 
10/16/14 In 4:30 PM – – – – – – 0.28 – 
10/16/14 In 5:30 PM 5 0.21 0.5 0.5 0.04 3 0.55 0.01 
10/16/14 In 6:30 PM – – – – – – 0.73 – 
10/16/14 In 7:30 PM 9 0.23 0.8 0.6 0.04 5 0.68 0.01 
10/16/14 In 8:30 PM – – – – – – 0.73 – 
10/16/14 In 9:30 PM 7 0.31 0.8 0.6 0.04 5 0.67 0.04 
10/16/14 In 10:30 PM – – – – – – 0.60 – 
10/16/14 In 11:30 PM 10 0.29 0.9 0.7 0.04 6 0.59 0.20 
10/16/14 Basin 5:10 PM 2 0.11 1.3 0.4 0.02 3 0.23 0.14 
10/16/14 WR 5:20 PM 17 0.09 1.7 1.8 0.02 30 0.10 0 
10/16/14 Out 2:34 PM – – – – – – – – 
10/16/14 Out 5:00 PM 2 0.09 1.0 0.3 0.02 2 0.19 0 
10/16/14 Out 8:10 PM – – – – – – – – 
10/16/14 Out 11:59 AM 8 0.23 1.8 1.2 0.03 10 0.41 0.04 
10/16/14 Out 12:59 PM 8 0.23 1.8 1.2 0.03 10 0.38 0.16 
10/16/14 Out 1:59 PM – – – – – – 0.25 – 
10/16/14 Out 2:59 PM – – – – – – 0.18 – 
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Sample ID Total 
Inorganic 
Carbon   
(mg/L as CO2) 
Dissolved 
Organic 
Carbon 
(mg/L) 
Bacteria (MPN/100mL) Total 
Suspended 
Solids 
(mg/L) 
Turbidity 
(NTU) Date Location Time Total Coliforms E. coli 
10/16/14 In 12:30 PM 10.9 – – – 14.7 12 
10/16/14 In 1:30 PM – – – – 44.7 13 
10/16/14 In 2:30 PM – – – – 22.6 8 
10/16/14 In 3:30 PM 8.9 – – – – 5 
10/16/14 In 4:30 PM – – – – – 5 
10/16/14 In 5:30 PM 12.9 – – – – 14 
10/16/14 In 6:30 PM – – – – – 15 
10/16/14 In 7:30 PM 19.4 – – – – 16 
10/16/14 In 8:30 PM – – – – – 15 
10/16/14 In 9:30 PM – – – – – 17 
10/16/14 In 10:30 PM – – – – – 8 
10/16/14 In 11:30 PM 19.0 – – – – 11 
10/16/14 Basin 5:10 PM 12.6 3.99 > 24196 7270 2.7 5 
10/16/14 WR 5:20 PM 12.1 2.32 3448 20 – 4 
10/16/14 Out 2:34 PM – 2.22 > 24196 24196 – – 
10/16/14 Out 5:00 PM 8.2 6.39 > 24196 9208 – – 
10/16/14 Out 8:10 PM – 4.13 > 12098 8664.5 – – 
10/16/14 Out 11:59 AM – – – – – 17 
10/16/14 Out 12:59 PM 11.9 – – – – 15 
10/16/14 Out 1:59 PM 15.4 – – – 19.7 6 
10/16/14 Out 2:59 PM – – – – 2.6 3 
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Sample ID Dissolved 
Oxygen 
(mg/L) 
HACH probe data   Alkalinity 
Date Location Time Temperature  (°C) 
Specific Conductance 
(µS/cm) pH meq/L 
mg/L as 
CaCO3 
10/16/14 Out 3:59 PM – – 15 6.23 0.07 3.4 
10/16/14 Out 4:59 PM – – 17 – – – 
10/16/14 Out 5:59 PM – – 10 6.26 0.10 4.8 
10/16/14 Out 6:59 PM – – 19 – – – 
10/16/14 Out 7:59 PM – – 20 6.35 0.09 4.3 
10/16/14 Out 8:59 PM – – 13 – – – 
10/16/14 Out 9:59 PM – – 13 – – – 
10/16/14 Out 10:59 PM – – 21 6.28 0.08 4.1 
10/16/14 Out 11:59 PM – – 22 – – – 
10/17/14 In 12:30 AM – – 49 – – – 
10/17/14 Out 12:59 AM – – 14 – – – 
10/17/14 Basin ~ 8:00 AM – 16.2 26 6.22 0.13 6.3 
10/21/14 Basin 8:05 AM – – – – – – 
10/22/14 In 2:25 PM 10.6 13.5 47 6.27 0.26 13.0 
10/24/14 In 12:43 PM 10.9 13.6 25 6.26 0.18 8.8 
10/24/14 Out 1:30 PM – – – 6.2 0.09 4.7 
10/24/14 Basin 12:35 PM 10.8 12.1 8 5.91 0.06 3.0 
10/24/14 WR 1:06 PM 11.2 14.1 106 6.56 0.14 6.9 
10/27/14 Basin 3:15 PM – 15.4 9 6.41 0.09 4.3 
10/27/14 WR 3:10 PM 12.8 14.2 135 6.64 0.18 8.8 
11/5/14 Basin 9:30 AM 10.8 9.3 17 5.89 0.10 5.0 
11/5/14 WR 9:35 AM 13.3 11.2 163 6.41 0.17 8.7 
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Sample ID Anions (ppm) 
Date Location Time Fluoride Chloride Nitrite Sulfate Bromide Nitrate Phosphate 
10/16/14 Out 3:59 PM 0.009 1.6 0 0.8 0 0.4 0.107 
10/16/14 Out 4:59 PM – – – – – – – 
10/16/14 Out 5:59 PM 0.009 2.0 0 0.9 0 0.2 0.108 
10/16/14 Out 6:59 PM – – – – – – – 
10/16/14 Out 7:59 PM 0.009 2.4 0 1.1 0 0.3 0.123 
10/16/14 Out 8:59 PM – – – – – – – 
10/16/14 Out 9:59 PM 0.009 2.6 0 1.2 0 0.2 0.109 
10/16/14 Out 10:59 PM – – – – – – – 
10/16/14 Out 11:59 PM 0.009 2.7 0 1.3 0 0.2 0.103 
10/17/14 In 12:30 AM – – – – – – – 
10/17/14 Out 12:59 AM – – – – – – – 
10/17/14 Basin ~ 8:00 AM 0.011 3.6 0 1.7 0 0.4 0.198 
10/21/14 Basin 8:05 AM 0.010 3.3 0 1.5 0 0 0 
10/22/14 In 2:25 PM 0.058 10.8 0.192 3.5 0 1.4 0.084 
10/24/14 In 12:43 PM 0.011 4.2 0 0.6 0 0 0.072 
10/24/14 Out 1:30 PM 0 1.1 0 0.3 0 0 0.074 
10/24/14 Basin 12:35 PM 0 0.9 0 0.3 0 0 0.094 
10/24/14 WR 1:06 PM 0.040 30.3 0 6.1 0 0.6 0 
10/27/14 Basin 3:15 PM 0 1.0 0 0.3 0 0 0.051 
10/27/14 WR 3:10 PM 0.040 40.8 0 6.8 0 1.5 0 
11/5/14 Basin 9:30 AM 0.008 2.5 0 1.0 0 0 0.044 
11/5/14 WR 9:35 AM 0.036 0.0 0 7.3 0 2.6 0 
 
 
 
 
!J. Tupper      Appendix B  176 
 
Sample ID Cations (ppm) 
Ammonia 
(mg/L) 
Total 
Phosphorus 
(mg/L) Date Location Time Ca Fe K Mg Mn Na 
10/16/14 Out 3:59 PM 2 0.16 0.9 0.3 0.03 2 0.22 0.06 
10/16/14 Out 4:59 PM – – – – – – 0.20 – 
10/16/14 Out 5:59 PM 2 0.15 1.1 0.3 0.03 2 0.21 0.05 
10/16/14 Out 6:59 PM – – – – – – 0.24 – 
10/16/14 Out 7:59 PM 2 0.16 1.2 0.4 0.03 3 0.25 0.17 
10/16/14 Out 8:59 PM – – – – – – 0.23 – 
10/16/14 Out 9:59 PM 2 0.18 1.3 0.4 0.03 3 0.24 – 
10/16/14 Out 10:59 PM – – – – – – 0.24 0.07 
10/16/14 Out 11:59 PM 2 0.18 1.4 0.4 0.03 3 0.28 – 
10/17/14 In 12:30 AM – – – – – – 0.59 – 
10/17/14 Out 12:59 AM – – – – – – 0.23 – 
10/17/14 Basin ~ 8:00 AM 3 0.26 1.8 0.5 0.03 4 0.34 0 
10/21/14 Basin 8:05 AM 3 0.16 1.5 0.6 0.02 3 – 0.15 
10/22/14 In 2:25 PM 12 0.56 1.8 1.0 0.05 9 – 0.43 
10/24/14 In 12:43 PM 6 0.22 0.7 0.5 0.03 4 1.05 – 
10/24/14 Out 1:30 PM 2 0.15 0.8 0.3 0.02 2 0.16 – 
10/24/14 Basin 12:35 PM 1 0.15 0.6 0.2 0.02 1 0.15 0.09 
10/24/14 WR 1:06 PM 11 0.13 0.9 1.1 0.02 17 0.04 – 
10/27/14 Basin 3:15 PM 1 0.18 0.6 0.2 0.04 1 0.07 0 
10/27/14 WR 3:10 PM 13 0.16 1.1 1.3 0.04 23 0 0 
11/5/14 Basin 9:30 AM 2 0.11 0.7 0.3 0.01 2 0.21 0 
11/5/14 WR 9:35 AM 14 0.07 1.2 1.4 0.004 30 0.06 0 
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Sample ID Total 
Inorganic 
Carbon   
(mg/L as CO2) 
Dissolved 
Organic 
Carbon 
(mg/L) 
Bacteria (MPN/100mL) Total 
Suspended 
Solids 
(mg/L) 
Turbidity 
(NTU) Date Location Time Total Coliforms E. coli 
10/16/14 Out 3:59 PM 6.9 – – – – 3 
10/16/14 Out 4:59 PM – – – – 1.5 4 
10/16/14 Out 5:59 PM 9.4 – – – 1.3 5 
10/16/14 Out 6:59 PM – – – – – 5 
10/16/14 Out 7:59 PM 7.5 – – – 2.8 5 
10/16/14 Out 8:59 PM – – – – – 3 
10/16/14 Out 9:59 PM – – – – – 3 
10/16/14 Out 10:59 PM 7.8 – – – – 3 
10/16/14 Out 11:59 PM – – – – – 3 
10/17/14 In 12:30 AM – – – – – 4 
10/17/14 Out 12:59 AM – – – – – 4 
10/17/14 Basin ~ 8:00 AM 12.8 11.95 > 24196 9804 – – 
10/21/14 Basin 8:05 AM – – – – – – 
10/22/14 In 2:25 PM 24.7 18.45 > 120980 4800 – 35 
10/24/14 In 12:43 PM 17.0 – – – – – 
10/24/14 Out 1:30 PM 9.7 – – – – – 
10/24/14 Basin 12:35 PM 9.7 2.99 > 9678.4 384 – – 
10/24/14 WR 1:06 PM 9.7 2.07 180 12.4 – – 
10/27/14 Basin 3:15 PM 7.0 3.28 943.6 0 – – 
10/27/14 WR 3:10 PM 11.6 3.77 198.4 4 – – 
11/5/14 Basin 9:30 AM 16.7 0.46 4200 0 – – 
11/5/14 WR 9:35 AM 14.2 0.50 187 0 – – 
 
!J. Tupper  Appendix C  178 
Appendix C: Groundwater Samples 
 
 
 
 
Sample'Dates
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 7/1/14
7/2,3/14 0.14,'0.47
7/4,5/14 0.82,'0.05
7/6,7/14 0.25,'0.05
7/9/14 0.24 7/9/14 7/9/14 7/9/14
7/14/14 0.24
7/15/14 0.79 7/15/14 7/15/14 7/15/14 7/15/14
7/16/14 0.15
7/17/14 0 7/17/14 7/17/14
7/18/14 0 7/18/14 7/18/14 7/18/14 7/18/14 7/18/14
7/24/14 0 7/24/14 7/24/14 7/24/14
7/27/14 0.26
8/5/14 0 8/5/14 8/5/14 8/5/14 8/5/14
8/7/14 0.18
8/13/14 1.78
8/14/14 0 8/14/14 8/14/14
8/15/14 0 8/15/14 8/15/14
8/19/14 0 8/19/14 8/19/14
8/22/14 0 8/22/14 8/22/14
8/25/14 0 8/25/14 8/25/14 8/25/14
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 9/5/14 9/5/14
9/7/14 0.25
9/10/14 0 9/10/14 9/10/14 9/10/14 9/10/14
9/13/14 0.22
9/21/14 0.69
9/24/14 0 9/24/14 9/24/14 9/24/14 9/24/14 9/24/14 9/24/14 9/24/14
9/30/14 0.15
10/1,2/14 0.47,'0.39
10/4,8/14 0.29,'0.62
10/11/14 0.15
10/15/14 0 10/15/14 10/15/14 10/15/14 10/15/14 10/15/14 10/15/14 10/15/14
10/16/14 1.34
10/17/14 0 10/17/14 10/17/14
10/19/14 0 10/19/14 10/19/14 10/19/14 10/19/14 10/19/14 10/19/14 10/19/14
10/22/14 0.74 10/22/14 10/22/14 10/22/14 10/22/14 10/22/14
10/23/14 2.04
10/24/14 0.08
10/27/14 0 10/27/14 10/27/14 10/27/14 10/27/14 10/27/14 10/27/14 10/27/14
11/1/14 0.37
11/5/14 0 11/5/14 11/5/14 11/5/14 11/5/14 11/5/14
Rainfall'
(inches)
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Dissolved)Oxygen)(mg/L)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 2.55
7/2,3/14 0.14,)0.47
7/4,5/14 0.82,)0.05
7/6,7/14 0.25,)0.05
7/9/14 0.24 8.12 9.06 7.10
7/14/14 0.24
7/15/14 0.79 9.93 10.25 8.62 8.61
7/16/14 0.15
7/17/14 0 11.12 10.01
7/18/14 0 8.79 6.28 4.78 9.58 11.12
7/24/14 0 5.85 4.89 5.08
7/27/14 0.26
8/5/14 0 3.65 2.66 6.78 4.20
8/7/14 0.18
8/13/14 1.78
8/14/14 0 4.59 4.57
8/15/14 0 7.01 5.67
8/19/14 0 6.32 6.50
8/22/14 0 6.11 4.56
8/25/14 0 4.10 7.13 4.31
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 3.50 4.02
9/7/14 0.25
9/10/14 0 5.90 5.29 5.49 10.56
9/13/14 0.22
9/21/14 0.69
9/24/14 0 4.19 12.45 6.88 5.06 4.90 11.98 6.90
9/30/14 0.15
10/1,2/14 0.47,)0.39
10/4,8/14 0.29,)0.62
10/11/14 0.15
10/15/14 0 8.55 5.32 8.02 5.29 12.63 7.82 8.07
10/16/14 1.34
10/17/14 0 7.52 5.74
10/19/14 0 – – – – – 6.72 –
10/22/14 0.74 5.87 6.18 8.06 5.01 5.82
10/23/14 2.04
10/24/14 0.08
10/27/14 0 5.04 6.69 9.17 4.32 5.71 10.08 9.77
11/1/14 0.37
11/5/14 0 8.04 8.14 4.90 9.28 9.75
Rainfall)
(inches)
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Temperature)(°C)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 7/1/14
7/2,3/14 0.14,)0.47
7/4,5/14 0.82,)0.05
7/6,7/14 0.25,)0.05
7/9/14 0.24 7/9/14 7/9/14 7/9/14
7/14/14 0.24
7/15/14 0.79 7/15/14 7/15/14 7/15/14 7/15/14
7/16/14 0.15
7/17/14 0 7/17/14 7/17/14
7/18/14 0 7/18/14 7/18/14 7/18/14 7/18/14 7/18/14
7/24/14 0 18.4 7/24/14 20.5
7/27/14 0.26
8/5/14 0 16.6 21.8 22.3 20.2
8/7/14 0.18
8/13/14 1.78
8/14/14 0 14.3 16.1
8/15/14 0 16.8 17.6
8/19/14 0 22.0 20.1
8/22/14 0 15.8 17.0
8/25/14 0 14.8 17.4 19.3
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 13.1 17.0
9/7/14 0.25
9/10/14 0 16.8 15.4 17.5 19.0
9/13/14 0.22
9/21/14 0.69
9/24/14 0 13.9 15.3 15.2 15.6 17.9 18.7 18.2
9/30/14 0.15
10/1,2/14 0.47,)0.39
10/4,8/14 0.29,)0.62
10/11/14 0.15
10/15/14 0 2.1 5.0 3.9 3.8 14.4 15.0 16.8
10/16/14 1.34
10/17/14 0 16.2 17.6
10/19/14 0 11.2 13.3 11.8 13.2 13.5 13.6 13.5
10/22/14 0.74 11.1 13.3 11.4 13.4 13.6
10/23/14 2.04
10/24/14 0.08
10/27/14 0 11.1 13.9 12.4 14.9 16.3 16.2 15.3
11/1/14 0.37
11/5/14 0 13.3 13.2 11.3 13.4 14.1
Rainfall)
(inches)
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Specific'Conductance'(μS/cm)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 190
7/2,3/14 0.14,'0.47
7/4,5/14 0.82,'0.05
7/6,7/14 0.25,'0.05
7/9/14 0.24 693 1538 1514
7/14/14 0.24
7/15/14 0.79 903 472 640 280
7/16/14 0.15
7/17/14 0 1464 1157
7/18/14 0 221 143 488 251 290
7/24/14 0 614 497 753
7/27/14 0.26
8/5/14 0 541 760 29 802
8/7/14 0.18
8/13/14 1.78
8/14/14 0 669 935
8/15/14 0 762 795
8/19/14 0 798 903
8/22/14 0 613 814
8/25/14 0 145 741 799
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 388 827
9/7/14 0.25
9/10/14 0 537 423 748 476
9/13/14 0.22
9/21/14 0.69
9/24/14 0 398 616 419 740 717 45 554
9/30/14 0.15
10/1,2/14 0.47,'0.39
10/4,8/14 0.29,'0.62
10/11/14 0.15
10/15/14 0 487 541 492 926 678 459 443
10/16/14 1.34
10/17/14 0 424 615
10/19/14 0 368 512 376 646 580 440 436
10/22/14 0.74 367 305 379 662 598
10/23/14 2.04
10/24/14 0.08
10/27/14 0 557 170 514 924 859 30.6 48.1
11/1/14 0.37
11/5/14 0 688 454 1081 118.4 125.5
Rainfall'
(inches)
!J. Tupper  Appendix C  182 
 
 
pH
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 6.82
7/2,3/14 0.14,60.47
7/4,5/14 0.82,60.05
7/6,7/14 0.25,60.05
7/9/14 0.24 7.15 6.60 6.88
7/14/14 0.24
7/15/14 0.79 6.10 6.60 6.84 6.72
7/16/14 0.15
7/17/14 0 6.93 6.55
7/18/14 0 6.98 7.32 7.11 7.14 6.81
7/24/14 0 5.91 6.12 6.98
7/27/14 0.26
8/5/14 0 6.24 6.95 6.06 6.02
8/7/14 0.18
8/13/14 1.78
8/14/14 0 6.36 6.96
8/15/14 0 5.81 7.54
8/19/14 0 6.10 6.08
8/22/14 0 5.79 7.12
8/25/14 0 7.32 6.92 6.27
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 7.99 6.48
9/7/14 0.25
9/10/14 0 5.86 6.35 7.51 6.43
9/13/14 0.22
9/21/14 0.69
9/24/14 0 7.81 5.70 6.20 6.69 7.24 6.20 6.23
9/30/14 0.15
10/1,2/14 0.47,60.39
10/4,8/14 0.29,60.62
10/11/14 0.15
10/15/14 0 7.99 6.18 6.36 6.83 7.19 6.54 6.54
10/16/14 1.34
10/17/14 0 5.97 7.40
10/19/14 0 8.04 6.08 6.50 6.82 7.40 6.79 6.68
10/22/14 0.74 7.97 6.16 6.66 6.73 7.82
10/23/14 2.04
10/24/14 0.08
10/27/14 0 7.97 6.44 6.22 7.20 7.13 6.44 6.67
11/1/14 0.37
11/5/14 0 6.07 6.22 6.71 6.38 6.50
Rainfall6
(inches)
!J. Tupper  Appendix C  183 
 
 
 
Alkalinity)(meq/L)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 7/1/14
7/2,3/14 0.14,)0.47
7/4,5/14 0.82,)0.05
7/6,7/14 0.25,)0.05
7/9/14 0.24 7/9/14 7/9/14 7/9/14
7/14/14 0.24
7/15/14 0.79 7/15/14 7/15/14 7/15/14 7/15/14
7/16/14 0.15
7/17/14 0 7/17/14 7/17/14
7/18/14 0 7/18/14 7/18/14 7/18/14 7/18/14 7/18/14
7/24/14 0 7/24/14 7/24/14 7/24/14
7/27/14 0.26
8/5/14 0 1.20 1.61 0.39 0.34
8/7/14 0.18
8/13/14 1.78
8/14/14 0 0.39 1.62
8/15/14 0 0.30 2.39
8/19/14 0 0.44 0.39
8/22/14 0 0.31 2.52
8/25/14 0 2.71 1.56 0.42
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 1.92 0.08
9/7/14 0.25
9/10/14 0 0.34 0.38 2.56 0.55
9/13/14 0.22
9/21/14 0.69
9/24/14 0 1.90 0.47 0.34 1.53 2.68 0.54 0.52
9/30/14 0.15
10/1,2/14 0.47,)0.39
10/4,8/14 0.29,)0.62
10/11/14 0.15
10/15/14 0 1.84 0.43 0.30 1.57 2.50 0.64 0.59
10/16/14 1.34
10/17/14 0 0.41 2.24
10/19/14 0 1.99 0.40 0.31 1.29 2.40 0.67 0.62
10/22/14 0.74 1.82 0.47 0.31 1.48 2.59
10/23/14 2.04
10/24/14 0.08
10/27/14 0 1.91 0.49 0.30 2.23 2.46 0.65 0.66
11/1/14 0.37
11/5/14 0 0.31 0.28 5.07 0.42 0.42
Rainfall)
(inches)
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Alkalinity)(mg/L)as)CaCO3)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 7/1/14
7/2,3/14 0.14,)0.47
7/4,5/14 0.82,)0.05
7/6,7/14 0.25,)0.05
7/9/14 0.24 7/9/14 7/9/14 7/9/14
7/14/14 0.24
7/15/14 0.79 7/15/14 7/15/14 7/15/14 7/15/14
7/16/14 0.15
7/17/14 0 7/17/14 7/17/14
7/18/14 0 7/18/14 7/18/14 7/18/14 7/18/14 7/18/14
7/24/14 0 7/24/14 7/24/14 7/24/14
7/27/14 0.26
8/5/14 0 60.0 81.0 19.0 17.0
8/7/14 0.18
8/13/14 1.78
8/14/14 0 19.4 81.3
8/15/14 0 15.0 119.4
8/19/14 0 21.8 19.4
8/22/14 0 15.6 126.3
8/25/14 0 136.0 78.0 21.0
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 96.2 4.0
9/7/14 0.25
9/10/14 0 17.0 19.2 128.1 27.7
9/13/14 0.22
9/21/14 0.69
9/24/14 0 95.0 23.3 16.8 76.5 134.0 27.2 25.9
9/30/14 0.15
10/1,2/14 0.47,)0.39
10/4,8/14 0.29,)0.62
10/11/14 0.15
10/15/14 0 92.1 21.4 15.1 78.4 125.0 31.8 29.7
10/16/14 1.34
10/17/14 0 20.6 111.9
10/19/14 0 99.7 20.1 15.3 64.5 120.3 33.6 31.0
10/22/14 0.74 90.9 23.4 15.4 74.0 129.8
10/23/14 2.04
10/24/14 0.08
10/27/14 0 95.8 24.6 14.9 111.8 123.3 32.5 33.0
11/1/14 0.37
11/5/14 0 15.4 13.9 253.9 20.8 21.2
Rainfall)
(inches)
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Fluoride)(ppm)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 0.023
7/2,3/14 0.14,)0.47
7/4,5/14 0.82,)0.05
7/6,7/14 0.25,)0.05
7/9/14 0.24 0.033 0.032 0.030
7/14/14 0.24
7/15/14 0.79 0.041 0.062 0.037 0.251
7/16/14 0.15
7/17/14 0 0.045 0.227
7/18/14 0 0.046 0.022 0.058 0.030 0.028
7/24/14 0 0.028 0.047 0.220
7/27/14 0.26
8/5/14 0 0.052 0.033 0.025 0.023
8/7/14 0.18
8/13/14 1.78
8/14/14 0 0.048 0.040
8/15/14 0 0.034 0.193
8/19/14 0 0.026 0.023
8/22/14 0 0.022 0.206
8/25/14 0 0.040 0.036 0.194
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 0.037 0.050
9/7/14 0.25
9/10/14 0 0.016 0.049 0.208 0.038
9/13/14 0.22
9/21/14 0.69
9/24/14 0 0.027 0.021 0.043 0.055 0.183 0.034 0.030
9/30/14 0.15
10/1,2/14 0.47,)0.39
10/4,8/14 0.29,)0.62
10/11/14 0.15
10/15/14 0 0.026 0.019 0.034 0.051 0.178 0.032 0.029
10/16/14 1.34
10/17/14 0 0.018 0.161
10/19/14 0 0.027 0.019 0.036 0.053 0.156 0.033 0.031
10/22/14 0.74 0.025 0.020 0.035 0.054 0.176
10/23/14 2.04
10/24/14 0.08
10/27/14 0 0.028 0.023 0.036 0.065 0.157 0.056 0.060
11/1/14 0.37
11/5/14 0 0.017 0.035 0.054 0.068 0.069
Rainfall)
(inches)
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Chloride)(ppm)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 61
7/2,3/14 0.14,)0.47
7/4,5/14 0.82,)0.05
7/6,7/14 0.25,)0.05
7/9/14 0.24 190 451 440
7/14/14 0.24
7/15/14 0.79 251 94 122 304
7/16/14 0.15
7/17/14 0 361 266
7/18/14 0 91 51 98 294 383
7/24/14 0 194 103 176
7/27/14 0.26
8/5/14 0 140 174 253 244
8/7/14 0.18
8/13/14 1.78
8/14/14 0 182 278
8/15/14 0 243 190
8/19/14 0 257 248
8/22/14 0 187 200
8/25/14 0 146 190 203
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 55 221
9/7/14 0.25
9/10/14 0 159 106 168 129
9/13/14 0.22
9/21/14 0.69
9/24/14 0 64 175 100 186 157 165 160
9/30/14 0.15
10/1,2/14 0.47,)0.39
10/4,8/14 0.29,)0.62
10/11/14 0.15
10/15/14 0 65 122 102 189 144 123 124
10/16/14 1.34
10/17/14 0 137 146
10/19/14 0 67 163 105 192 137 130 133
10/22/14 0.74 64 88 101 196 139
10/23/14 2.04
10/24/14 0.08
10/27/14 0 72 35 108 211 121 45 42
11/1/14 0.37
11/5/14 0 100 104 184 26 30
Rainfall)
(inches)
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Nitrite&(ppm)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 7/1/14
7/2,3/14 0.14,&0.47
7/4,5/14 0.82,&0.05
7/6,7/14 0.25,&0.05
7/9/14 0.24 0 0 0
7/13/14 0.22
7/14/14 0.03
7/15/14 3.85 0 0 0 0
7/16/14 0.04
7/17/14 0 0 0
7/18/14 0 0 0 0 0 0
7/24/14 0 2.05 1.45 0
7/27/14 0.26
8/5/14 0 0 0 0 0
8/7/14 0.18
8/13/14 1.78
8/14/14 0 0 0
8/15/14 0 0 0
8/19/14 0 0 0
8/22/14 0 0 0
8/25/14 0 0 0 0
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 0 1.22
9/7/14 0.25
9/10/14 0 0 0 0 0
9/13/14 0.22
9/21/14 0.69
9/24/14 0 0 0 0 0.65 0.58 0 0
9/30/14 0.15
10/1,2/14 0.47,&0.39
10/4,8/14 0.29,&0.62
10/11/14 0.15
10/15/14 0 0 0 0 0.59 0.02 0 0
10/16/14 1.34
10/17/14 0 0 0.36
10/19/14 0 0 0 0 0 0.39 0 0
10/22/14 0.74 0 0 0 0.47 0.32
10/23/14 2.04
10/24/14 0.08
10/27/14 0 0 0 0 0.52 0.30 0 0
11/1/14 0.37
11/5/14 0 0 0 0 0 0
Rainfall&
(inches)
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Sulfate((ppm)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 30.8
7/2,3/14 0.14,(0.47
7/4,5/14 0.82,(0.05
7/6,7/14 0.25,(0.05
7/9/14 0.24 18.5 11.0 11.2
7/14/14 0.24
7/15/14 0.79 15.5 15.5 38.7 22.4
7/16/14 0.15
7/17/14 0 21.7 21.1
7/18/14 0 27.4 20.8 15.0 16.1 13.2
7/24/14 0 8.7 15.5 21.5
7/27/14 0.26
8/5/14 0 15.1 27.2 9.6 9.0
8/7/14 0.18
8/13/14 1.78
8/14/14 0 14.5 20.0
8/15/14 0 14.1 19.0
8/19/14 0 18.4 18.1
8/22/14 0 12.7 18.4
8/25/14 0 15.2 26.2 20.7
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 26.8 18.6
9/7/14 0.25
9/10/14 0 11.8 15.8 19.3 24.0
9/13/14 0.22
9/21/14 0.69
9/24/14 0 26.3 13.0 14.6 19.7 19.1 13.7 13.9
9/30/14 0.15
10/1,2/14 0.47,(0.39
10/4,8/14 0.29,(0.62
10/11/14 0.15
10/15/14 0 25.1 9.9 12.0 15.1 16.4 18.3 17.9
10/16/14 1.34
10/17/14 0 7.9 15.8
10/19/14 0 27.0 9.8 12.5 13.8 15.6 16.8 16.6
10/22/14 0.74 27.3 13.8 12.0 14.8 16.2
10/23/14 2.04
10/24/14 0.08
10/27/14 0 28.2 16.7 12.6 16.1 14.8 18.4 19.4
11/1/14 0.37
11/5/14 0 6.6 12.7 13.8 7.9 7.6
Rainfall(
(inches)
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Bromide((ppm)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 0.023
7/2,3/14 0.14,(0.47
7/4,5/14 0.82,(0.05
7/6,7/14 0.25,(0.05
7/9/14 0.24 0.000 0.101 0.193
7/14/14 0.24
7/15/14 0.79 0.068 0.034 0.045 0.161
7/16/14 0.15
7/17/14 0 0.084 0.058
7/18/14 0 0.038 0 0.033 0.061 0.084
7/24/14 0 0.099 0.037 0.101
7/27/14 0.26
8/5/14 0 0.084 0.048 0.055 0.053
8/7/14 0.18
8/13/14 1.78
8/14/14 0 0.051 0.061
8/15/14 0 0.063 0.044
8/19/14 0 0.144 0.125
8/22/14 0 0.113 0.126
8/25/14 0 0.044 0.129 0.122
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 0.022 0.097
9/7/14 0.25
9/10/14 0 0.048 0.053 0.079 0.042
9/13/14 0.22
9/21/14 0.69
9/24/14 0 0.023 0.057 0.035 0.056 0.053 0.041 0.041
9/30/14 0.15
10/1,2/14 0.47,(0.39
10/4,8/14 0.29,(0.62
10/11/14 0.15
10/15/14 0 0 0.035 0.026 0.052 0.046 0.031 0.031
10/16/14 1.34
10/17/14 0 0.040 0.050
10/19/14 0 0 0.046 0.029 0.053 0.061 0.035 0.035
10/22/14 0.74 0 0.026 0.030 0.075 0.047
10/23/14 2.04
10/24/14 0.08
10/27/14 0 0.034 0 0.030 0.074 0.057 0 0
11/1/14 0.37
11/5/14 0 0.033 0.035 0.070 0 0
Rainfall(
(inches)
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Nitrate'(ppm)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 14.2
7/2,3/14 0.14,'0.47
7/4,5/14 0.82,'0.05
7/6,7/14 0.25,'0.05
7/9/14 0.24 19.4 15.5 15.8
7/14/14 0.24
7/15/14 0.79 25.3 54.0 – 10.5
7/16/14 0.15
7/17/14 0 14.1 11.9
7/18/14 0 17.7 6.2 54.3 13.9 15.1
7/24/14 0 21.7 52.3 11.1
7/27/14 0.26
8/5/14 0 49.3 – 13.3 12.7
8/7/14 0.18
8/13/14 1.78
8/14/14 0 45.1 15.8
8/15/14 0 23.9 11.9
8/19/14 0 15.0 14.9
8/22/14 0 25.4 13.0
8/25/14 0 46.1 11.5 13.1
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 16.5 15.3
9/7/14 0.25
9/10/14 0 24.6 43.8 13.2 10.5
9/13/14 0.22
9/21/14 0.69
9/24/14 0 16.1 23.8 38.6 15.4 15.5 16.2 15.6
9/30/14 0.15
10/1,2/14 0.47,'0.39
10/4,8/14 0.29,'0.62
10/11/14 0.15
10/15/14 0 14.9 19.7 34.7 15.4 11.5 13.3 13.3
10/16/14 1.34
10/17/14 0 19.0 15.5
10/19/14 0 16.1 23.0 36.3 16.7 14.5 14.0 14.3
10/22/14 0.74 16.0 12.3 35.7 17.1 14.9
10/23/14 2.04
10/24/14 0.08
10/27/14 0 15.3 5.8 37.7 14.6 13.8 4.3 3.6
11/1/14 0.37
11/5/14 0 21.6 40.1 15.3 2.6 3.0
Rainfall'
(inches)
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Phosphate)(ppm)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 0
7/2,3/14 0.14,)0.47
7/4,5/14 0.82,)0.05
7/6,7/14 0.25,)0.05
7/9/14 0.24 0 0 0
7/14/14 0.24
7/15/14 0.79 0 0 0 0
7/16/14 0.15
7/17/14 0 0 0
7/18/14 0 0 0.037 0 0 0
7/24/14 0 0 0 0
7/27/14 0.26
8/5/14 0 0 0 0 0
8/7/14 0.18
8/13/14 1.78
8/14/14 0 0 0
8/15/14 0 0 0
8/19/14 0 0 0
8/22/14 0 0 0
8/25/14 0 0 0 0
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 0 0
9/7/14 0.25
9/10/14 0 0 0 0 0
9/13/14 0.22
9/21/14 0.69
9/24/14 0 0 0 0 0 0 0 0
9/30/14 0.15
10/1,2/14 0.47,)0.39
10/4,8/14 0.29,)0.62
10/11/14 0.15
10/15/14 0 0 0 0 0 0 0 0
10/16/14 1.34
10/17/14 0 0 0
10/19/14 0 0 0 0 0 0 0 0
10/22/14 0.74 0 0 0 0 0
10/23/14 2.04
10/24/14 0.08
10/27/14 0 0 0 0 0 0 0 0
11/1/14 0.37
11/5/14 0 0 0 0 0 0
Rainfall)
(inches)
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Calcium,)Ca)(ppm)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 94.4
7/2,3/14 0.14,)0.47
7/4,5/14 0.82,)0.05
7/6,7/14 0.25,)0.05
7/9/14 0.24 30.4 52.5 56.8
7/14/14 0.24
7/15/14 0.79 43.6 68 113 122
7/16/14 0.15
7/17/14 0 124 106
7/18/14 0 96.2 12.3 65.5 25.2 46.0
7/24/14 0 32.6 70.6 81.1
7/27/14 0.26
8/5/14 0 86.8 – 18.6 18.4
8/7/14 0.18
8/13/14 1.78
8/14/14 0 77.8 61.8
8/15/14 0 35.1 73.1
8/19/14 0 16.6 15.2
8/22/14 0 39.5 83.0
8/25/14 0 64.9 63.4 68.0
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 74.6 52.1
9/7/14 0.25
9/10/14 0 31.6 43.8 71.9 8.51
9/13/14 0.22
9/21/14 0.69
9/24/14 0 75.5 37.1 40.3 42.9 73.9 10.4 9.77
9/30/14 0.15
10/1,2/14 0.47,)0.39
10/4,8/14 0.29,)0.62
10/11/14 0.15
10/15/14 0 75.0 36.7 47.0 47.1 75.6 7.50 7.61
10/16/14 1.34
10/17/14 0 31.8 73.8
10/19/14 0 73.6 38.0 44.8 32.7 67.0 7.03 6.78
10/22/14 0.74 69.3 19.7 41.9 37.3 66.6
10/23/14 2.04
10/24/14 0.08
10/27/14 0 69.7 8.36 44.8 62.6 61.4 3.01 2.79
11/1/14 0.37
11/5/14 0 25.3 47.9 37.5 2.17 2.38
Rainfall)
(inches)
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Iron,&Fe&&(ppm)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 0.27
7/2,3/14 0.14,&0.47
7/4,5/14 0.82,&0.05
7/6,7/14 0.25,&0.05
7/9/14 0.24 0.06 0.04 0.10
7/14/14 0.24
7/15/14 0.79 0.06 0.08 0.42 0.17
7/16/14 0.15
7/17/14 0 0.22 0.08
7/18/14 0 0.05 0.06 0.07 0.04 0.03
7/24/14 0 0.00 0.09 0.06
7/27/14 0.26
8/5/14 0 0.06 8/5/14 0.04 0.03
8/7/14 0.18
8/13/14 1.78
8/14/14 0 0.07 0.08
8/15/14 0 0.05 0.06
8/19/14 0 0.04 0.04
8/22/14 0 0.00 0.27
8/25/14 0 0.04 0.05 0.11
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 0.01 0.00
9/7/14 0.25
9/10/14 0 0.00 0.01 0.03 0.00
9/13/14 0.22
9/21/14 0.69
9/24/14 0 0.07 0.07 0.09 0.09 0.16 0.11 0.11
9/30/14 0.15
10/1,2/14 0.47,&0.39
10/4,8/14 0.29,&0.62
10/11/14 0.15
10/15/14 0 0.01 0.02 0.03 0.02 0.03 0.05 0.03
10/16/14 1.34
10/17/14 0 0.04 0.04
10/19/14 0 0.24 0.07 0.07 0.08 0.09 0.10 0.11
10/22/14 0.74 0.11 0.08 0.09 0.12 0.14
10/23/14 2.04
10/24/14 0.08
10/27/14 0 0.12 0.11 0.12 0.36 0.13 0.13 0.12
11/1/14 0.37
11/5/14 0 0.02 0.04 0.28 0.03 0.03
Rainfall&
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Potassium,*K*(ppm)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 3.6
7/2,3/14 0.14,*0.47
7/4,5/14 0.82,*0.05
7/6,7/14 0.25,*0.05
7/9/14 0.24 5.1 6.2 6.4
7/14/14 0.24
7/15/14 0.79 6.4 6.8 5.7 7.6
7/16/14 0.15
7/17/14 0 6.6 6.6
7/18/14 0 3.4 2.3 6.7 4.1 5.2
7/24/14 0 5.7 7.0 5.5
7/27/14 0.26
8/5/14 0 7.8 8/5/14 3.5 3.4
8/7/14 0.18
8/13/14 1.78
8/14/14 0 9.6 5.0
8/15/14 0 6.8 5.1
8/19/14 0 3.6 3.5
8/22/14 0 5.7 5.4
8/25/14 0 8.4 4.0 5.1
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 2.2 4.2
9/7/14 0.25
9/10/14 0 5.8 7.3 5.2 2.0
9/13/14 0.22
9/21/14 0.69
9/24/14 0 2.6 7.0 8.0 4.0 6.0 2.7 2.7
9/30/14 0.15
10/1,2/14 0.47,*0.39
10/4,8/14 0.29,*0.62
10/11/14 0.15
10/15/14 0 2.6 5.3 8.2 3.8 5.3 2.0 2.0
10/16/14 1.34
10/17/14 0 5.6 5.3
10/19/14 0 3.1 6.6 8.1 3.7 5.1 2.1 2.1
10/22/14 0.74 2.5 4.0 8.2 3.7 5.2
10/23/14 2.04
10/24/14 0.08
10/27/14 0 2.7 2.3 8.3 4.3 4.6 0.9 0.8
11/1/14 0.37
11/5/14 0 4.6 8.3 3.5 0.5 0.5
Rainfall*
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Magnesium,+Mg+(ppm)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 16.3
7/2,3/14 0.14,+0.47
7/4,5/14 0.82,+0.05
7/6,7/14 0.25,+0.05
7/9/14 0.24 2.6 5.2 5.4
7/14/14 0.24
7/15/14 0.79 3.4 6.9 25.9 9.4
7/16/14 0.15
7/17/14 0 13.9 6.9
7/18/14 0 14.4 1.1 6.5 2.6 4.5
7/24/14 0 3.0 6.9 4.6
7/27/14 0.26
8/5/14 0 8.4 8/5/14 1.9 1.9
8/7/14 0.18
8/13/14 1.78
8/14/14 0 9.6 10.2
8/15/14 0 3.5 4.4
8/19/14 0 1.9 1.8
8/22/14 0 3.0 4.5
8/25/14 0 7.0 12.9 4.1
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 14.2 6.2
9/7/14 0.25
9/10/14 0 3.3 5.2 4.4 1.1
9/13/14 0.22
9/21/14 0.69
9/24/14 0 1.4 3.4 4.5 5.7 3.6 1.5 1.3
9/30/14 0.15
10/1,2/14 0.47,+0.39
10/4,8/14 0.29,+0.62
10/11/14 0.15
10/15/14 0 13.6 4.0 5.6 4.9 4.3 1.3 1.3
10/16/14 1.34
10/17/14 0 3.2 3.6
10/19/14 0 13.5 3.9 5.4 3.3 3.1 1.2 1.1
10/22/14 0.74 12.5 2.3 4.8 3.7 3.6
10/23/14 2.04
10/24/14 0.08
10/27/14 0 12.6 1.0 5.2 5.3 2.9 0.6 0.6
11/1/14 0.37
11/5/14 0 2.3 4.7 3.1 0.3 0.3
Rainfall+
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Manganese,(Mn((ppm)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 0.16
7/2,3/14 0.14,(0.47
7/4,5/14 0.82,(0.05
7/6,7/14 0.25,(0.05
7/9/14 0.24 0.07 0.08 0.15
7/14/14 0.24
7/15/14 0.79 0.06 0.05 0.39 2.08
7/16/14 0.15
7/17/14 0 0.44 2.21
7/18/14 0 0.02 0.03 0.03 0.04 0.04
7/24/14 0 0.05 0.02 1.56
7/27/14 0.26
8/5/14 0 0.03 8/5/14 0.04 0.04
8/7/14 0.18
8/13/14 1.78
8/14/14 0 0.05 0.23
8/15/14 0 0.07 0.75
8/19/14 0 0.06 0.06
8/22/14 0 0.00 0.63
8/25/14 0 0.00 0.08 0.95
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 0.02 0.10
9/7/14 0.25
9/10/14 0 0.03 0.03 0.78 0.04
9/13/14 0.22
9/21/14 0.69
9/24/14 0 0.02 0.03 0.03 0.06 0.49 0.03 0.04
9/30/14 0.15
10/1,2/14 0.47,(0.39
10/4,8/14 0.29,(0.62
10/11/14 0.15
10/15/14 0 0.04 0.04 0.04 0.06 0.43 0.04 0.04
10/16/14 1.34
10/17/14 0 0.04 0.34
10/19/14 0 0.10 0.04 0.04 0.05 0.29 0.04 0.05
10/22/14 0.74 0.05 0.05 0.06 0.07 0.57
10/23/14 2.04
10/24/14 0.08
10/27/14 0 0.06 0.06 0.07 0.11 0.33 0.07 0.07
11/1/14 0.37
11/5/14 0 0.01 0.01 0.02 0.00 0.00
Rainfall(
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Sodium,(Na((ppm)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 29.8
7/2,3/14 0.14,(0.47
7/4,5/14 0.82,(0.05
7/6,7/14 0.25,(0.05
7/9/14 0.24 112.4 258.1 248.9
7/14/14 0.24
7/15/14 0.79 155.6 54.32 43.41 199.2
7/16/14 0.15
7/17/14 0 216.9 179.8
7/18/14 0 46.24 42.87 57.59 190.8 224.5
7/24/14 0 102.2 56.36 123.2
7/27/14 0.26
8/5/14 0 65.63 – 163.6 154.0
8/7/14 0.18
8/13/14 1.78
8/14/14 0 79.06 161
8/15/14 0 138.0 133.8
8/19/14 0 159.5 156.1
8/22/14 0 111.4 143.7
8/25/14 0 75.91 118.2 150.8
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 28.05 141.7
9/7/14 0.25
9/10/14 0 88.95 57.77 125.5 96.32
9/13/14 0.22
9/21/14 0.69
9/24/14 0 31.80 98.08 55.32 123.1 121.0 111.5 110.3
9/30/14 0.15
10/1,2/14 0.47,(0.39
10/4,8/14 0.29,(0.62
10/11/14 0.15
10/15/14 0 36.19 70.39 52.84 132.1 116.3 96.84 97.56
10/16/14 1.34
10/17/14 0 77.69 110.7
10/19/14 0 36.04 89.56 51.78 129.2 106.5 96.93 98.12
10/22/14 0.74 34.41 58.35 49.98 132.5 110.0
10/23/14 2.04
10/24/14 0.08
10/27/14 0 42.58 37.16 54.22 142.2 99.92 51.12 49.89
11/1/14 0.37
11/5/14 0 60.13 52.00 128.0 29.37 31.51
Rainfall(
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Ammonia'(ppm)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B Pond'
0.26
7/1/14 0 0.47
7/2,3/14 0.14,'0.47
7/4,5/14 0.82,'0.05
7/6,7/14 0.25,'0.05
7/9/14 0.24 0.18 0.17 0.26
7/14/14 0.24
7/15/14 0.79 0.11 0.29 – –
7/16/14 0.15
7/17/14 0 0.78 0.44
7/18/14 0 0.37 0.19 0.21 0.06 0.09 0.23
7/24/14 0 0.09 0.36 0.61
7/27/14 0.26
8/5/14 0 0.01 0.02 0.00 0.00 0.45
8/7/14 0.18
8/13/14 1.78 0.22
8/14/14 0 0.07 0.05 0.18
8/15/14 0 0.00 0.20 0.18
8/19/14 0 0.00 0.00
8/22/14 0 0.00 0.48
8/25/14 0 0.06 0.01 0.07
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 0.10 0.04 0.17
9/7/14 0.25
9/10/14 0 0.06 0.08 0.21 0.03
9/13/14 0.22
9/21/14 0.69
9/24/14 0 0.06 0.03 0.02 0.05 0.21 0.04 0.04
9/30/14 0.15
10/1,2/14 0.47,'0.39
10/4,8/14 0.29,'0.62
10/11/14 0.15
10/15/14 0 0.04 0.02 0.04 0.03 0.20 0.02 0.03
10/16/14 1.34 0.23
10/17/14 0 0.06 0.19 0.34
10/19/14 0 – 0.02 0.02 0.02 0.17 0.04 0.06
10/22/14 0.74 0.09 0.03 0.04 0.04 0.22
10/23/14 2.04
10/24/14 0.08 0.15
10/27/14 0 0.01 0.00 0.00 0.22 0.03 0.00 0.00 0.07
11/1/14 0.37
11/5/14 0 0.04 0.06 0.20 0.04 0.03 0.21
Rainfall'
(inches)
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Total&Phosphorus&(ppm)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 7/1/14
7/2,3/14 0.14,&0.47
7/4,5/14 0.82,&0.05
7/6,7/14 0.25,&0.05
7/9/14 0.24 7/9/14 7/9/14 7/9/14
7/14/14 0.24
7/15/14 0.79 7/15/14 7/15/14 7/15/14 7/15/14
7/16/14 0.15
7/17/14 0 7/17/14 7/17/14
7/18/14 0 7/18/14 7/18/14 7/18/14 7/18/14 7/18/14
7/24/14 0 7/24/14 7/24/14 7/24/14
7/27/14 0.26
8/5/14 0 8/5/14 8/5/14 8/5/14 8/5/14
8/7/14 0.18
8/13/14 1.78
8/14/14 0 0.04 0.15
8/15/14 0 0.03 0.15
8/19/14 0 0 0
8/22/14 0 0.21 0.37
8/25/14 0 0.32 0.06 0.25
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 0 0.03
9/7/14 0.25
9/10/14 0 0 0 0.02 0
9/13/14 0.22
9/21/14 0.69
9/24/14 0 0 0 0.01 0 0 0 0
9/30/14 0.15
10/1,2/14 0.47,&0.39
10/4,8/14 0.29,&0.62
10/11/14 0.15
10/15/14 0 0 0 0 0 0 0 0
10/16/14 1.34
10/17/14 0 0 0
10/19/14 0 0.07 0.06 0.07 0 0.10 0 0
10/22/14 0.74 0.01 0 0.09 0.01 0.15
10/23/14 2.04
10/24/14 0.08
10/27/14 0 0.12 0 0 0.08 0.23 0 0.02
11/1/14 0.37
11/5/14 0 0 0 0.04 0 0
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Inorganic)Carbon)(mg/L)as)CO2)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 7/1/14
7/2,3/14 0.14,)0.47
7/4,5/14 0.82,)0.05
7/6,7/14 0.25,)0.05
7/9/14 0.24 7/9/14 7/9/14 7/9/14
7/14/14 0.24
7/15/14 0.79 7/15/14 7/15/14 7/15/14 7/15/14
7/16/14 0.15
7/17/14 0 7/17/14 7/17/14
7/18/14 0 7/18/14 7/18/14 7/18/14 7/18/14 7/18/14
7/24/14 0 7/24/14 7/24/14 7/24/14
7/27/14 0.26
8/5/14 0 118 88 49 47
8/7/14 0.18
8/13/14 1.78
8/14/14 0 33 88
8/15/14 0 58 111
8/19/14 0 52 48
8/22/14 0 62 129
8/25/14 0 131 86 40
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 86 6
9/7/14 0.25
9/10/14 0 60 33 120 44
9/13/14 0.22
9/21/14 0.69
9/24/14 0 86 109 35 97 132 57 52
9/30/14 0.15
10/1,2/14 0.47,)0.39
10/4,8/14 0.29,)0.62
10/11/14 0.15
10/15/14 0 82 46 26 91 125 45 42
10/16/14 1.34
10/17/14 0 60 107
10/19/14 0 89 50 23 75 115 40 40
10/22/14 0.74 81 51 20 91 117
10/23/14 2.04
10/24/14 0.08
10/27/14 0 86 39 30 112 126 51 43
11/1/14 0.37
11/5/14 0 39 28 317 35 31
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Dissolved)Organic)Carbon)(mg/L)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 7/1/14
7/2,3/14 0.14,)0.47
7/4,5/14 0.82,)0.05
7/6,7/14 0.25,)0.05
7/9/14 0.24 7/9/14 7/9/14 7/9/14
7/14/14 0.24
7/15/14 0.79 7/15/14 7/15/14 7/15/14 7/15/14
7/16/14 0.15
7/17/14 0 7/17/14 7/17/14
7/18/14 0 7/18/14 7/18/14 7/18/14 7/18/14 7/18/14
7/24/14 0 7/24/14 7/24/14 7/24/14
7/27/14 0.26
8/5/14 0 8/5/14 8/5/14 8/5/14 8/5/14
8/7/14 0.18
8/13/14 1.78
8/14/14 0 0.55 0.94
8/15/14 0 1.22 2.24
8/19/14 0 2.58 1.40
8/22/14 0 0.97 2.27
8/25/14 0 0.60 0.82 1.90
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 0.33 0.97
9/7/14 0.25
9/10/14 0 0.71 0.50 1.67 1.74
9/13/14 0.22
9/21/14 0.69
9/24/14 0 0.34 0.78 0.61 1.54 1.83 1.12 1.11
9/30/14 0.15
10/1,2/14 0.47,)0.39
10/4,8/14 0.29,)0.62
10/11/14 0.15
10/15/14 0 0.37 0.67 1.54 0.95 1.65 1.12 1.50
10/16/14 1.34
10/17/14 0 1.50 1.42
10/19/14 0 0.22 0.80 0.44 1.11 1.57 0.99 1.13
10/22/14 0.74 2.66 0.82 0.30 0.72 1.33
10/23/14 2.04
10/24/14 0.08
10/27/14 0 0.60 0.65 0.80 1.57 1.50 1.55 2.14
11/1/14 0.37
11/5/14 0 2.45 5.65 1.53 0.97 0.94
Rainfall)
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Total&Coliforms&(MPN/100&mL)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 7/1/14
7/2,3/14 0.14,&0.47
7/4,5/14 0.82,&0.05
7/6,7/14 0.25,&0.05
7/9/14 0.24 7/9/14 7/9/14 7/9/14
7/14/14 0.24
7/15/14 0.79 7/15/14 7/15/14 7/15/14 7/15/14
7/16/14 0.15
7/17/14 0 7/17/14 7/17/14
7/18/14 0 7/18/14 7/18/14 7/18/14 7/18/14 7/18/14
7/24/14 0 7/24/14 7/24/14 7/24/14
7/27/14 0.26
8/5/14 0 8/5/14 8/5/14 8/5/14 8/5/14
8/7/14 0.18
8/13/14 1.78
8/14/14 0 218.7 48.8
8/15/14 0 100.8 1841.6
8/19/14 0 4 15
8/22/14 0 34 >&9678.4
8/25/14 0 59.2 <&4 453.6
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 25.2 4.0
9/7/14 0.25
9/10/14 0 4.0 593.2 12.4 0
9/13/14 0.22
9/21/14 0.69
9/24/14 0 17.2 128.8 45.2 0.0 2 58.4 0
9/30/14 0.15
10/1,2/14 0.47,&0.39
10/4,8/14 0.29,&0.62
10/11/14 0.15
10/15/14 0 20.4 8.2 103.3 0 4 8.2 0
10/16/14 1.34
10/17/14 0 10 0
10/19/14 0 1155 42.5 60.5 5 0 5 0
10/22/14 0.74 156.5 31.5 79 0 78
10/23/14 2.04
10/24/14 0.08
10/27/14 0 15 19.4 12.6 2 2 29.2 0
11/1/14 0.37
11/5/14 0 16.4 53.6 4 0 0
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E.#coli!(MPN/100!mL)
Date GW1 GW2A GW2B GW3A GW3B GW4A GW4B
7/1/14 0 7/1/14
7/2,3/14 0.14,!0.47
7/4,5/14 0.82,!0.05
7/6,7/14 0.25,!0.05
7/9/14 0.24 7/9/14 7/9/14 7/9/14
7/14/14 0.24
7/15/14 0.79 7/15/14 7/15/14 7/15/14 7/15/14
7/16/14 0.15
7/17/14 0 7/17/14 7/17/14
7/18/14 0 7/18/14 7/18/14 7/18/14 7/18/14 7/18/14
7/24/14 0 7/24/14 7/24/14 7/24/14
7/27/14 0.26
8/5/14 0 8/5/14 8/5/14 8/5/14 8/5/14
8/7/14 0.18
8/13/14 1.78
8/14/14 0 0 0
8/15/14 0 0 0
8/19/14 0 0 0
8/22/14 0 0 0
8/25/14 0 0 0 0
8/27/14 1.44
8/31/14 0.69
9/2/14 0.25
9/5/14 0 0 0
9/7/14 0.25
9/10/14 0 0 0 0 0
9/13/14 0.22
9/21/14 0.69
9/24/14 0 0 6.2 0 0 0 0 0
9/30/14 0.15
10/1,2/14 0.47,!0.39
10/4,8/14 0.29,!0.62
10/11/14 0.15
10/15/14 0 0 0 0 0 0 0 0
10/16/14 1.34
10/17/14 0 0 0
10/19/14 0 0 0 0 0 0 0 0
10/22/14 0.74 0 0 0 0 0
10/23/14 2.04
10/24/14 0.08
10/27/14 0 0 2 0 0 0 0 0
11/1/14 0.37
11/5/14 0 0 0 0 0 0
Rainfall!
(inches)
